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Adipose tissue is a pivotal organ determining longevity,
due largely to its role in maintaining whole-body energy
homeostasis and insulin sensitivity. SIRT1 is a NAD-
dependent protein deacetylase possessing antiaging
activities in a wide range of organisms. The current study
demonstrates that mice with adipose tissue–selective
overexpression of hSIRT1(H363Y), a dominant-negative
mutant that disrupts endogenous SIRT1 activity, show
accelerated development of metabolic aging. These mice,
referred to as Adipo-H363Y, exhibit hyperglycemia, dyslip-
idemia, ectopic lipid deposition, insulin resistance, and
glucose intolerance at a much younger age than their
wild-type littermates. The metabolic defects of Adipo-
H363Y are associated with abnormal epigenetic modifica-
tions and chromatin remodeling in their adipose tissues,
as a result of excess accumulation of biotin, which in-
hibits endogenous SIRT1 activity, leading to increased
inflammation, cellularity, and collagen deposition. The
enzyme acetyl-CoA carboxylase 2 plays an important role
in biotin accumulation within adipose tissues of Adipo-
H363Y. Calorie restriction prevents biotin accumulation,
abolishes abnormal histone biotinylation, and completely
restores the metabolic and adipose functions of Adipo-
H363Y. The effects are mimicked by short-term restric-
tion of biotin intake, an approach potentially translatable
to humans for maintaining the epigenetic and chromatin
remodeling capacity of adipose tissues and preventing
aging-associated metabolic disorders.

Advancing age is associated with loss of energy balance
and deterioration of metabolic functions. In older people,
postprandial hyperglycemia is common (1). The prevalence
of glucose intolerance and insulin resistance increases

progressively and significantly with age (2). The redistri-
bution of fat from subcutaneous depots to visceral com-
partment and from adipose tissues to ectopic sites plays
a critical role in the development of aging-related meta-
bolic abnormalities, in particular type 2 diabetes. Older
people exhibit elevated central fat deposition but de-
creased skeletal muscle mass (referred to as sarcopenic
obesity) (3). Preadipocytes isolated from aged animals
and humans have a reduced potential to differentiate
and replicate, whereas aged adipocytes show a decreased
capacity for lipid storage (4). The mechanisms underlying
age-associated changes in adipose tissue function and fat
distribution remain incompletely understood.

SIRT1 is a mammalian ortholog most closely related to
SIR2 (silent information regulator 2), a protein identified
in Saccharomyces cerevisiae that extends replicative life span
(5). Both SIRT1 and SIR2 belong to a conserved family of
aging regulators and are NAD-dependent deacetylases that
catalyze the removal of acetyl groups from protein sub-
strates (6). In yeast, SIR2 acts as a transcriptional silencer
by modulating histone modifications, especially at the
mating-type loci and telomeric DNA regions (7). These
chromosome domains are analogous to the heterochromatin
of multicellular eukaryotes. When a conserved histidine
within the catalytic domain of SIR2 was converted to a ty-
rosine (H364Y), its histone modification activity was lost
and the mutant acted in a strong dominant-negative man-
ner (8). Compared with SIR2, SIRT1 elicits a wider range of
biological functions by interacting with and regulating di-
versified protein substrates (5).

Animal studies reveal that SIRT1 is a key energy sensor
controlling cellular responses to nutrient availability and in
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turn protecting against aging-related metabolic diseases
(9). SIRT1 is critically involved in the metabolic adaptation
to fasting, exercise, and calorie restriction (10), which upreg-
ulate the activity of this antiaging protein in adipocytes and
adipose tissues (11). Activation of SIRT1 in turn stimulates
fat mobilization and adiponectin production in adipose
tissues (12–14). Overexpression of SIRT1 in adipose
tissues of mice induces a phenotype similar to that
with calorie restriction (leaner and metabolically more
active, with improved insulin sensitivity and glucose
tolerance [14–16]). This evidence suggests that adipose
SIRT1 is a candidate drug target for promoting systemic
energy homeostasis and healthy aging.

Transgenic mice that selectively overexpress wild-type
(WT) human SIRT1 (hSIRT1) or hSIRT1(H363Y) mutant
in adipose tissues have been established (14). In the cur-
rent study, the metabolic functions of these two types of
transgenic mice, referred to as Adipo-SIRT1 and Adipo-
H363Y, respectively, are compared and related to those of
the WT controls. Whereas Adipo-SIRT1 are more insulin
sensitive and metabolically healthier than their WT litter-
mates (14), Adipo-H363Y exhibit a phenotype of acceler-
ated metabolic aging. Calorie restriction has been applied
to test whether or not this nongenetic intervention is able
to restore a normal metabolic function in Adipo-H363Y.
The results demonstrate that a large number of aging-
induced changes of gene expression in adipose tissues
are prevented by calorie restriction, which significantly delays
the development of insulin resistance, glucose intolerance,
and dyslipidemia in both WT and Adipo-H363Y. Limited
biotin intake contributes to the beneficial effects of calorie
restriction on enhancing SIRT1 activity in adipose tissues
and improving systemic energy homeostasis. At the epige-
netic level, by preventing excessive histone biotinylation,
calorie restriction facilitates SIRT1-mediated histone
deacetylation and transcriptional silencing.

RESEARCH DESIGN AND METHODS

Animal Experiments
All procedures were approved by the Committee on the Use
of Live Animals for Teaching and Research of The
University of Hong Kong and carried out in accordance
with ARRIVE (Animal Research: Reporting of In Vivo
Experiments) as well as institutional guidelines for the
care and use of laboratory animals. The generation of
transgenic mice with selective overexpression of human
SIRT1 (Adipo-SIRT1) or hSIRT1(H363Y) (Adipo-H363Y)
in adipose tissues was previously described (14). Mice
were housed in a room under controlled temperature
(23 6 1°C) and 12-h light-dark cycles, with free access
to water and standard mouse chow (4.07 kcal/g composed
of 20% protein, 52.9% carbohydrate, 5.6% fat, 4.7% fiber,
6.1% minerals, and vitamin mixture containing 0.3 mg/kg
biotin; LabDiet 5053; LabDiet, Purina Mills, Richmond,
IN). All animals appeared normal and were fertile, giving
rise to healthy litters. Male mice were used for the current
study.

The food intake for ad libitum–fed mice was ;0.14 g/g
body weight/day. For calorie restriction, mice received 60%
of the normal food supply (;0.08 g/g body weight/day)
from the age of 10–40 weeks. To study the effects of biotin
intake in the diet, mice were given either biotin-sufficient
(4.11 kcal/g composed of 18% casein, 60% sucrose, 10%
vegetable oil, 2% corn oil, 4% salt, and vitamin mixture
containing 0.45 mg/kg biotin; 02960407; MP Biomedicals,
Santa Ana, CA) or biotin-deficient (4.11 kcal/g composed of
18% casein, 60% sucrose, 10% vegetable oil, 2% corn oil, 4%
salt, and vitamin mixture without biotin; 02901030; MP
Biomedicals) diets. Mice were randomly assigned to each
experimental group (n = 8–10) for diet treatment starting
at the age of 10 weeks. Metabolic parameters were moni-
tored on a weekly basis.

For in vivo RNA interference (RNAi) treatment, three
sets of chemically modified silencing RNAs (siRNAs) for
acetyl-CoA carboxylase (ACC)2 were synthesized by
RiboBio (Guangdong, China), including sense 59-CCUACGA
GAUGUUCCGUAAdTdT-39/antisense 39-dTdTGGAUGCUC
UACAAGGCAUU-59, sense 59-GCAUCAAGUAUGCUCUCA
AdTdT-39/antisense 39-dTdTCGUAGUUCAUACGAGAGUU-
59, and sense 59-CCACCUAUGUGUACGACUUdTdT-39/anti-
sense 39-dTdTGGUGGAUACACAUGCUGAA-59. Mice were
treated with the mixture of ACC2 siRNAs (5 nmol/mouse/day)
or the same amount of scrambled RNAi by intraper-
itoneal injection at six different sites for three consec-
utive days (17). The epididymal adipose tissues were
harvested 12 h after the last injection for subsequent
analysis.

Metabolic Evaluations
Body weight, blood glucose, and fat mass composition were
measured between 1000 and 1200 h for mice that were
either starved overnight or fed ad libitum. Blood glucose
was monitored by tail nicking using an Accu-Check
Advantage II Glucometer (Roche Diagnostics, Mannheim,
Germany). The body composition was assessed in conscious
and unanesthetized mice using a Bruker minispec Body
Composition Analyzer (Bruker Optics, Inc., Woodlands,
TX). The intraperitoneal glucose tolerance test (ipGTT)
and insulin tolerance test (ITT) were performed as
previously described (14,18). Circulating and tissue con-
tents of lipids, including triglycerides, total cholesterols,
and free fatty acids, were analyzed using LiquiColor Trigly-
cerides and Stanbio Cholesterol (Stanbio Laboratory,
Boerne, TX) and the Half-Micro Test Kit (Roche Diagnos-
tics), respectively. The fasting serum insulin concentra-
tion was quantified using the commercial ELISA kits from
Mercodia AB (Uppsala, Sweden). Serum adiponectin and
lipocalin-2 concentrations were determined with the in-
house ELISA kit as previously described (19,20). Metabolic
rate (VO2, VCO2, and respiratory exchange ratio [RER])
was measured by indirect calorimetry using a six-chamber
open-circuit Oxymax system component of the Comprehen-
sive Laboratory Animal Monitoring System (CLAMS; Co-
lumbus Instruments, Columbus, OH) as previously described
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(14). All mice were acclimatized to the cage for 48 h before
recording the parameters during a 2-day feeding and a 24-h
fasting period.

Microarray Analysis
Total RNA was extracted from epididymal adipose tissues
of WT, Adipo-SIRT1, and Adipo-H363Y mice aged 8 and 40
weeks using the RNeasy Mini Kit (Qiagen, Valencia, CA).
Samples were derived from at least three mice in each
group. The quality of RNA was assessed by a spectropho-
tometer (ND-1000, Nanodrop Technologies, Wilmington,
DE) and the RNA 6000 Pico LabChip with the Agilent 2100
Bioanalyzer (Agilent Technologies, Palo Alto, CA). The
A260-to-A280 ratios of all RNA samples were between
1.9 and 2.1. The RNA integrity numbers were .9. After
reverse transcription, the labeled cDNA samples were hy-
bridized to the Mouse Genome 430 2.0 expression arrays
using the GeneChip Fluidics Station 450 (Affymetrix Inc.,
Santa Clara, CA). The intensity of the probed signals was
scanned and captured by GeneChip Scanner 3000 (Affymetrix
Inc.). Quality of the raw intensity data was assessed using
diagnostic plots by GeneSpring GX 12.6 (Agilent Technologies)
and Affymetrix Expression Console (Affymetrix Inc.). Raw
intensity values of gene expression were normalized and
background corrected using the Robust Multiarray Aver-
age algorithm. Genes with expression values lower than
the 20th percentile of all intensity values were excluded
from further analyses. The expression profiles of samples
derived from WT, Adipo-SIRT1, and Adipo-H363Y were
clustered and validated by principal component analysis.
Data comparisons were performed between 1) 8-week-old
WT, Adipo-SIRT1, and Adipo-H363Y; 2) 40-week-old WT,
Adipo-SIRT1, and Adipo-H363Y fed ad libitum; 3) 8- and
40-week-old ad libitum–fed mice of the same genotypes;
and 4) 8- and 40-week-old mice of the same genotypes
under calorie restriction. Differentially expressed genes
were defined as more than a twofold change using a gen-
eralized linear model. In total, a list of 3,915 genes that
were changed in at least one set of the above comparisons
is included in Supplementary Table 1 for further analysis.
Venn diagrams were used for presenting the numbers of
differentially or commonly changed genes. The MIAME-
compliant microarray data have been submitted to
and are available in the ArrayExpress database (www
.ebi.ac.uk/arrayexpress, accession number E-MTAB-2777).

Quantitative Reverse Transcription PCR
Quantitation of target genes was performed using SYBR
Green PCR Master Mix (Qiagen) and an ABI PRISM 7900
HT Sequence Detection System (Applied Biosystems,
Foster City, CA). The primer sequences are listed in Sup-
plementary Table 2. Data were calculated and are presented
as relative expression of transcripts normalized to b-actin.

Chromatin Immunoprecipitation–PCR
The primers for chromatin immunoprecipitation–PCR
(ChIP-PCR) are listed in Supplementary Table 2. The his-
tone acetylation and/or biotinylation at the promoter
regions of different genes were analyzed and compared

by ChIP-PCR as previously described with modifications
(21). In brief, epididymal adipose tissue (100 mg) was
minced into small pieces in cold PBS (137 mmol/L NaCl,
4.3 mmol/L Na2HPO4, 2.7 mmol/L KCl, 1.4 mmol/L
KH2PO4, pH 7.4) with protease inhibitor cocktails. Form-
aldehyde was added to a final concentration of 1%, and the
mixture was incubated at room temperature for 15 min
with moderate shaking. The cross-linking was stopped by
adding glycine to a final concentration of 0.125 mol/L. The
nuclei were isolated from the tissue lysates and resus-
pended in lysis buffer (1% SDS, 50 mmol/L Tris-HCl, pH
8.0, 10 mmol/L EDTA, containing protease inhibitors) for
sonication to obtain chromatin fragments of 500–1,000
bp. After preclearing with protein G–Sepharose beads
(Pierce, Rockford, IL) (blocked with 0.2 mg/mL salmon
sperm DNA and 0.5 mg/mL BSA), 50 mg chromatin was
incubated with 2 mg antibody overnight at 4°C. Immune
complexes were collected on protein G–Sepharose beads
(blocked as above), washed, and eluted into 100 mL ChIP
elution buffer (1% SDS and 0.1 mol/L NaHCO3). Half of the
elutes were reverse cross-linked and the other half diluted
1:10 with lysis buffer to perform the second ChIP with
streptavidin-conjugated beads (Pierce) as previously de-
scribed (22). After elution with ChIP elution buffer, the
cross-link was reversed by adding 8 mL of 5 mol/L NaCl
and incubating for 4 h at 65°C. The DNA was purified by
phenol-chloroform extraction. PCR amplifications were
performed using 10% of the DNA samples and the result-
ing PCR products separated by agarose gel for image
quantification by densitometry (MultiAnalyst Software;
Bio-Rad). Quantitation was also performed by quantita-
tive reverse transcription PCR analysis. The results were
normalized against those from either the input DNA sam-
ples or the first ChIP fractions and presented as fold
changes.

SIRT1 Activity Measurements
SIRT1 activity was monitored using a Fluorometric Drug
Discovery kit (Enzo Life Sciences International, Inc.,
Plymouth Meeting, PA). Fluorescence was measured
with a fluorometric reader (CytofluorII 400 series;
Applied Biosystems), whereby excitation was set at 360
nm and emission detection at 460 nm. The in vitro protein
deacetylation assay was analyzed by high-performance
liquid chromatography as previously described (14). The
histone H3 peptides, including ARTKQTARKSTGG
K14APRK18QLC with or without acetylation at K14 and/
or biotinylation at K18, were used as substrates. In brief,
recombinant SIRT1 (3.6 mmol/L) was incubated with pep-
tide substrate (500 mmol/L) and NAD+ (500 mmol/L) in
50 mmol/L Tris buffer (pH 7.5) at 37°C for 10 min, in the
presence and absence of 500 mmol/L biotin. Trifluoroacetic
acid was added to 0.1% before fractionation by reverse-
phased high-performance liquid chromatography on a Symme-
try C18 column (5 mm, 3.93 150 mm; Waters, Milford, MA),
using a 40-min linear gradient (0–40% buffer B containing
acetonitrile with 0.5% trifluoroacetic acid) at a flow rate of 1
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mL/min. Chromatographic peaks were detected by an ultra-
violet detector at 214 nm. The sizes of the peaks obtained
by calculating the areas under the peaks were used for
comparison.

Quantification of Tissue Biotin Contents
The amount of total biotin (bound and unbound) was
determined as previously described (23) with modifications.
In brief, 30 mg of tissue or cell lysates was hydrolyzed in
sulfuric acid at 100°C for 1 h. After neutralization, 3.5 mg
of activated charcoal was added to bind the liberated biotin.
The mixture was centrifuged at 12,000 rpm for 3 min, and
the bound biotin was released by adding 1 mL of 5% am-
monia ethanol solution. The supernatant was filtered and
evaporated to dryness under nitrogen. The extract was
reconstituted in 100 mL methanol and mixed with 80 mL
of 0.1% 9-anthryldiazomethane (ADAM, weight for volume
in ethyl acetate) for 1 h at room temperature. The fluores-
cent biotin-ADAM was detected at an excitation wavelength
of 365 nm and emission wavelength of 412 nm using the
fluorometric reader. Biotin solutions (1–50 ng/mL) were used
to generate a standard curve for calibration and quantification.

Histological Analysis
Paraffin sections (5 mm) were prepared for adipose tissues
collected from different groups of mice. Hematoxylin and
eosin staining was performed to analyze adipocyte histol-
ogy under a light microscope (Olympus, Tokyo, Japan). The
sizes of adipocytes were measured as previously described
(18). Masson trichrome staining was performed using
Accustain Trichrome Kits (Sigma-Aldrich, St. Louis, MO)
to evaluate the extracellular deposition of fibrillar collagens.

Western Blotting
Antibodies against total ACC, ACC2, histone H3, histone
H4, acetylated histone H3 (K9), and acetylated lysine were
purchased from Cell Signaling (Beverly, MA). Antibodies
against ACC1, SIRT1, and acetylated histone H4 (K5, K8,
K12, and K16) were from Millpore (Billerica, MA).
Monoclonal antibodies against b-actin and streptavidin–
horseradish peroxidase (HRP) conjugate were obtained
from Sigma-Aldrich. For Western blotting, proteins derived
from cell or tissue lysates were separated by SDS-PAGE and
transferred to polyvinylidene difluoride membranes. After
overnight blocking, membranes were probed with various
primary antibodies followed by secondary antibodies.
Immunoreactive antibody-antigen complexes were visual-
ized with the enhanced chemiluminescence reagents from
GE Healthcare (Uppsala, Sweden). For histone modifica-
tion analysis, histones were extracted from the nuclear
fractions of epididymal fat pads following a previously
reported procedure (21). In brief, the pellets of nuclei were
resuspended overnight in 0.4 mol/L H2SO4 at 4°C. The su-
pernatant was collected after centrifugation (16,000g, 10
min at 4°C) and precipitated with trichloroacetic acid at
4°C for 1 h. The acid-soluble histone fraction was sub-
jected to 18% SDS-PAGE and visualized by Coomassie
Brilliant Blue staining. The biotinylated protein was de-
tected by Western blotting using streptavidin-HRP conjugate,

and the acetylated protein detected with antiacetyl-lysine
antibodies.

Data Analysis
The density of protein bands in Western blots was
analyzed quantitatively using ImageJ 1.45 software (Na-
tional Institutes of Health, Bethesda, MD) for calculating
the expression ratios against loading controls. Representa-
tive Western blotting images are shown. Statistical calcu-
lations were performed with the Statistical Package for the
Social Sciences version 11.5 software package (SPSS, Inc.,
Chicago, IL). For multiple comparisons, the differences
were analyzed by one-way ANOVA, followed by Dunnett
test. Differences in other comparisons were determined by
an unpaired two-tailed Student t test. In all cases, statisti-
cally significant differences were accepted when P values
were ,0.05. All results were derived from at least three
sets of independent experiments unless otherwise speci-
fied. Data are presented as mean 6 SEM.

RESULTS

Overexpression of hSIRT1(H363Y) in Adipose Tissue
Accelerates the Development of Metabolic Aging
The metabolic parameters, including body weight, blood
glucose, serum insulin, and circulating lipid levels, were
monitored on a weekly basis. Systemic insulin sensitivity
was evaluated by ITTs and ipGTTs. Compared with both
WT and Adipo-SIRT1, Adipo-H363Y showed a phenotype of
significantly accelerated metabolic aging (Fig. 1). At as early
as the age of 20 weeks, abnormal responses to ITT and
ipGTT were detected in Adipo-H363Y when compared
with age-matched WT (Supplementary Fig. 1). At the age
of 30 weeks, the responses of Adipo-H363Y to either ITT or
ipGTT were comparable to those of 60-week-old WT (Fig.
1A). By contrast, these responses in 60-week-old Adipo-
SIRT1 were not significantly different from mice at the
age of 30 weeks. Although the body weight was not signif-
icantly different between the three groups of mice at the
age of 12 weeks, Adipo-H363Y showed a consistently higher
gain of body weights than the other two groups of mice at
other age points (Fig. 1B). Fasting glucose levels of Adipo-
H363Y were not significantly different from WT (data not
shown). However, from the age of 40 weeks onwards, the
nonfasting glucose levels were significantly higher in Adipo-
H363Y than in the other two groups of mice (Fig. 1C).
Circulating insulin levels were rapidly rising with age, being
higher in Adipo-H363Y by ;51, ;79, and ;85% than
those of WT at the age of 20, 40, and 60 weeks, respectively
(Fig. 1D). The insulin concentration in 30-week-old Adipo-
H363Y reached a level similar to that in WT at 60 weeks of
age. Circulating triglyceride levels augmented progressively
in both Adipo-H363Y and WT but remained the lowest
in Adipo-SIRT1 (Fig. 1E). Compared with WT, the de-
velopment of aging-associated hypertriglyceridemia was
enhanced significantly by ;19, ;21, and ;31% in Adipo-
H363Y at 40, 50, and 60 weeks of age, respectively.

In line with their higher body weight gain, Adipo-H363Y
showed significantly increased (by .10%) whole-body

diabetes.diabetesjournals.org Xu and Associates 1579

D
ow

nloaded from
 http://diabetesjournals.org/diabetes/article-pdf/64/5/1576/580618/db141180.pdf by guest on 17 April 2024

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-1180/-/DC1


adiposity from the age of 20 weeks onwards when
compared with WT, whereas changes in opposite di-
rections were observed in Adipo-SIRT1 (decreased by
;20%) (Fig. 2A). However, the percentage compositions
of lean and fluid mass were not significantly different
between WT and Adipo-H363Y (Supplementary Fig. 2).
On the other hand, the weights of visceral fat pads col-
lected postmortem were not elevated in Adipo-H363Y
when compared with those in WT (Fig. 2B), indicating
that the excess lipids were deposited in ectopic sites. In-
deed, the triglyceride contents in liver and skeletal muscle
of Adipo-H363Y were augmented significantly by ;35 and
;61%, respectively, when compared with WT (Fig. 2C). In
adipose tissues of Adipo-H363Y, the cholesterol and free
fatty acid contents were significantly higher (by 1.5- and
1.9-fold, respectively) than in those of WT (Fig. 2C). How-
ever, the size of adipocytes in epididymal adipose tissues of
Adipo-H363Y was significantly smaller (Supplementary
Fig. 3). Histological assessment showed an increased cellu-
larity and trichrome-positive streaks interspersed between
adipocytes in adipose tissues of Adipo-H363Y (Supplemen-
tary Fig. 4A). The expressions of genes involved in adipo-
genesis were significantly downregulated, whereas those
associated with inflammation were upregulated in adipose
tissues of Adipo-H363Y (Supplementary Fig. 4B). Indirect
calorimetric analysis revealed that the RER was elevated
significantly in Adipo-H363Y during both dark and light
periods (Fig. 2D). The increased RER in Adipo-H363Y was
attributed mainly to the higher CO2 production (VCO2)
but not to differences in O2 consumption (VO2).

Collectively, the results demonstrate that overexpres-
sion of hSIRT1(H363Y) selectively in adipose tissues of
mice accelerates the development of insulin resistance,
glucose intolerance, postprandial hyperglycemia, and
dyslipidemia, a cluster of metabolic defects that are
closely associated with aging.

Calorie Restriction Restores the Metabolic Functions
of WT and Adipo-H363Y

Total SIRT1 protein expression was decreasing with age in
adipose tissues of WT but remained higher in those of
Adipo-SIRT1 and Adipo-H363Y (Fig. 3A). Compared with
that of WT, SIRT1 activity was significantly augmented
(by approximately twofold) in adipose tissues of Adipo-
SIRT1 but decreased (by ;60%) in those of Adipo-H363Y
(Fig. 3B). Compared with mice at the age of 12 weeks,
SIRT1 activities were decreased by ;35, ;10, and ;55%
in 40-week-old WT, Adipo-SIRT1, and Adipo-H363Y, re-
spectively. Calorie restriction (60% of ad libitum food in-
take) for 30 weeks not only prevented the downregulation
of SIRT1 activities but also significantly enhanced the
latter in adipose tissues of both WT and Adipo-H363Y
(Fig. 3C). At the age of 40 weeks, mice under calorie re-
striction showed similar levels of SIRT1 activity in their
adipose tissues, which was elevated by ;2.1- and ;4.3-
fold compared with the corresponding ad libitum–fed WT
and Adipo-H363Y, respectively. Calorie restriction signif-
icantly reduced the nonfasting glucose levels in all mice
(Fig. 3D) and improved the responses to ITT and ipGTT in
both WT and Adipo-H363Y (Fig. 3E). The area under the

Figure 1—Overexpression of hSIRT1(H363Y) in adipose tissue accelerates the development of metabolic aging in mice. A: ITTs and ipGTTs
were performed and compared between 30- and 60-week-old WT, Adipo-SIRT1, and Adipo-H363Y. B: Body weight was recorded after
overnight fasting and the body weight gain calculated by referring to those of WT, Adipo-SIRT1, and Adipo-H363Y at the age of 8 weeks. C:
Blood glucose was recorded at 1000 h in mice fed ad libitum. D: Circulating insulin levels were measured in sera collected from WT, Adipo-
SIRT1, and Adipo-H363Y after overnight fasting. E: Mice were killed at different ages, and the fasting serum triglyceride concentration was
measured. *P < 0.05, compared with the corresponding WT group (n = 8).
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curve (AUC) values of ipGTT and ITT in calorie-restricted
WT and Adipo-H363Y were not significantly different from
those of age-matched Adipo-SIRT1 (Fig. 3E, bottom panels).
At the age of 40 weeks, the body weight gain and plasma
insulin levels in the three groups of mice under calorie re-
striction were not significantly different (Fig. 3F), and were
comparable to those in 20-week-old WT (Fig. 1B and D).

Calorie-restricted WT, Adipo-SIRT1, and Adipo-H363Y
exhibited similar diurnal rhythmic patterns of RER, ;0.82
in dark cycles and;0.75 in light cycles (Fig. 4A). The VCO2

of Adipo-H363Y was significantly decreased by calorie re-
striction in both dark (;14%) and light (;23%) cycles, to
levels comparable to those in WT and Adipo-SIRT1 (Fig.
4A). The whole-body adiposity was similar in the three
types of mice across all age-groups under calorie restriction
(Fig. 4B). The percentage weights of postmortem visceral
fat pads in calorie-restricted mice at the age of 40 weeks
were comparable to those in 20-week-old mice fed ad libi-
tum (Fig. 4B and Fig. 2B). The aging-induced augmentation
of circulating triglyceride levels was prevented by calorie
restriction in WT and Adipo-H363Y (Fig. 4C). Calorie re-
striction significantly reduced the lipid contents in adipose
tissues of all mice groups (Fig. 4D) and attenuated the
ectopic lipid deposition in Adipo-H363Y (Fig. 4E).

Together, these findings suggest that despite the
decreased SIRT1 activity in adipose tissues of Adipo-
H363Y, calorie restriction can correct both local and

systemic metabolic defects caused by adipose overexpres-
sion of the mutant hSIRT1(H363Y) and/or aging.

Increased Histone Biotinylation Causes Abnormal
Chromatin Remodeling in Adipose Tissues of
Adipo-H363Y
Microarray analysis was performed using RNA samples
extracted from adipose tissues of mice at the age of either
8 weeks (referred to as “young,” when metabolic functions
were comparable among the three groups) or 40 weeks
(referred to as “old,” when significant differences in met-
abolic functions were obvious). Principal component anal-
ysis of the adipose transcriptome revealed that samples
derived from young WT, Adipo-SIRT1, and Adipo-H363Y
could be separated into three distinct clusters (Supple-
mentary Fig. 5A). The number of differentially expressed
(by more than twofold) transcripts was obtained by pair-
wise comparison between mice of the same age-group or
between young and old mice of the same genotype (3,915
genes in total) (Supplementary Table 1). Compared with
young WT, 1,390 and 429 genes were differentially
expressed in adipose tissues of age-matched Adipo-
SIRT1 and Adipo-H363Y, respectively (Supplementary
Fig. 5B). Over 90% (1,269) of the altered gene expressions
in young Adipo-SIRT1 were due to upregulation (Supple-
mentary Fig. 6A). In adipose tissues of Adipo-H363Y, genes
related to cholesterol biosynthesis were significantly upreg-
ulated and those of mitochondrial fatty acid oxidation

Figure 2—Selective overexpression of hSIRT1(H363Y) in adipose tissues leads to augmented body fat mass and ectopic lipid accumu-
lation. A: Body fat composition (fat content/body weight %) was analyzed and compared in WT, Adipo-SIRT1, and Adipo-H363Y from
different age-groups. The results are calculated as percentage values of the body weights. B: The wet weights of epididymal and perirenal
fat pads were recorded and combined to calculate the percentage amounts of visceral fat compared with the total body weight. C:
Triglycerides (upper), cholesterols (middle), and free fatty acids (bottom) were measured in epididymal (epi) fat, liver, and skeletal muscle
collected fromWT, Adipo-SIRT1, and Adipo-H363Y (40 weeks old, fasted for 16 h). D: Indirect calorimetry analysis was performed to obtain
the RER, VO2, and VCO2 values in WT, Adipo-SIRT1, and Adipo-H363Y (30 weeks old, fed ad libitum) (light period 0700–1900 h). *P< 0.05,
compared with corresponding WT (n = 10).
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significantly downregulated (Supplementary Fig. 6B). With
the progression of aging, different patterns of changes in
adipose gene expression were observed in the three types
of mice (Fig. 5A). In general, the genome expression and
chromatin state in adipose tissues of Adipo-H363Y were
more rigid than the other two groups of mice. The aver-
age gene expression levels in adipose tissues of young
WT, Adipo-SIRT1, and Adipo-H363Y were 0.210, 0.746,
and 0.061, respectively. Compared with the correspond-
ing young mice, a significant decrease was observed
in the average gene expression level of old Adipo-SIRT1
(20.081), whereas that of old Adipo-H363Y decreased
slightly to 0.041 (Fig. 5A). Compared with those of WT
(1,107) and Adipo-SIRT1 (2,425), less (901) numbers of
genes were changed by aging (more than twofold) in
adipose tissues of old Adipo-H363Y (Supplementary
Fig. 7, top panels). In addition to those involved in sterol
lipid metabolism, genes encoding extracellular matrix

and tight junction proteins were further upregulated
in old Adipo-H363Y (Supplementary Fig. 7, bottom
panel). A larger number (2,425) of genes were changed
in old compared with young Adipo-SIRT1, with ;70%
downregulated, suggesting a more flexible and dynamic
chromatin structure in adipose tissues of these mice
(Supplementary Figs. 7 and 8). Calorie restriction pre-
vented ;45 and ;36% of aging-induced gene changes
in adipose tissues of WT and Adipo-H363Y, respec-
tively. Especially, out of the 103 genes upregulated in
old Adipo-H363Y adipose tissues, 93 (;90%) were pre-
vented by calorie restriction (Supplementary Fig. 8, top
left panel). Among those that remained unchanged (two-
fold or less) during aging, 888 and 1,029 were altered by
calorie restriction (more than twofold) in WT and Adipo-
H363Y, respectively (Supplementary Fig. 7, top right
panel). About 47 and 60% of genes changed by calorie
restriction (more than twofold) in WT and Adipo-H363Y,

Figure 3—Caloric restriction prevents aging- and/or hSIRT1(H363Y) overexpression–induced metabolic defects in WT and Adipo-H363Y.
A: Protein expression of SIRT1 was monitored in epididymal fat lysates of WT, Adipo-SIRT1, and Adipo-H363Y by Western blotting using
an antibody recognizing both the murine and human species of this protein. B: A Fluorometric Drug Discovery Kit was used to measure the
SIRT1 activity in epididymal fat pads collected from different age-groups of WT, Adipo-SIRT1, and Adipo-H363Y. For each sample, tissue
lysates containing 20 mg of proteins were used. Fluorescent readings are presented as arbitrary fluorescence unit (AFU) in equal amount of
proteins for comparison. C: SIRT1 activity was determined in epididymal fat pads collected from WT, Adipo-SIRT1, and Adipo-H363Y
subjected to 30 weeks of calorie restriction (CR). D: Blood glucose was recorded at 1000 h for mice under calorie restriction and compared
across different groups. E: ITT (top left) and ipGTT (top right) were performed in ;30-week-old WT, Adipo-SIRT1, and Adipo-H363Y either
fed ad libitum (AL) or subjected to calorie restriction. The AUCs are compared (bottom left and right, respectively). F: Body weight gain was
calculated as in Fig. 1B for WT, Adipo-SIRT1, and Adipo-H363Y subjected to calorie restriction from the age of 12 weeks onwards (left).
Fasting (16 h) insulin concentration (right) was measured using sera samples collected from 40-week-old WT, Adipo-SIRT1, and Adipo-
H363Y under calorie restriction. *P < 0.05, compared with the corresponding WT group; #P < 0.05, compared with the corresponding ad
libitum group (n = 8).

1582 SIRT1, Biotinylation, and Metabolic Aging Diabetes Volume 64, May 2015

D
ow

nloaded from
 http://diabetesjournals.org/diabetes/article-pdf/64/5/1576/580618/db141180.pdf by guest on 17 April 2024

http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-1180/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-1180/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-1180/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-1180/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-1180/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-1180/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db14-1180/-/DC1


respectively, showed similar up- or downregulated pat-
terns of change with those in old Adipo-SIRT1 when
compared with young Adipo-SIRT1 (Supplementary Fig. 8,
bottom panels).

Histone modifications control the stability and flexi-
bility/rigidity of chromatin structure and its remodeling
(24). Thus, histones were purified from adipose tissues of
WT, Adipo-SIRT1, and Adipo-H363Y to analyze the mod-
ifications at the epigenetic levels. Western blotting
showed that even at the young age (8 weeks old), the
three types of mice contained different amounts of acet-
ylated and/or biotinylated histones in their adipose tis-
sues. Adipo-H363Y showed the highest level of histone
biotinylation, whereas histone acetylation was significantly
decreased in Adipo-SIRT1 (Fig. 5B). Coimmunoprecipita-
tion was performed and the results further confirmed
that histones, including H3 and H4, were acetylated and
biotinylated in adipose tissues of the three groups of
mice, with acetylated histones containing significantly
higher amounts of biotinylation (Supplementary Fig. 9).
Profile plots revealed that calorie restriction decreased the
average gene expression levels in both old WT and old
Adipo-H363Y (Fig. 5C), which was in line with the
reduced histone acetylation levels in both types of

calorie-restricted mice (Fig. 5D). In addition, calorie re-
striction significantly decreased the biotinylation of his-
tones in Adipo-H363Y preparations. By contrast, calorie
restriction had no significant effects on histone acetyla-
tion and biotinylation in adipose tissues of Adipo-SIRT1,
both of which were significantly lower than in those of
Adipo-H363Y (Fig. 5D).

To confirm the altered epigenetic modifications in Adipo-
H363Y, a number of genes were selected for analysis of the
associated histones using ChIP-PCR. The expression of these
genes, including CUGBP, GADD, TRDN, and ADIPOQ, was
altered by aging and/or overexpression of hSIRT1(H363Y)
(E-MTAB-2777 in ArrayExpress). Histone biotinylation was
detected at the promoter regions of all four genes, and
samples derived from Adipo-H363Y exhibited the highest
levels of biotinylated histones (Supplementary Fig. 10, left
panels). Consistent with gene expression changes induced
by calorie restriction, the amount of biotinylated histones
was significantly reduced in samples from calorie-restricted
WT, Adipo-SIRT1, and Adipo-H363Y (Supplementary Fig.
10, right panels). The results further demonstrated that
the amounts of biotinylated histones were significantly
lower in fractions of nonacetylated than in those of acety-
lated histones (Supplementary Figs. 11 and 12).

Figure 4—Caloric restriction restores the metabolic capacity and reduces ectopic lipid accumulation in Adipo-H363Y. A: Indirect calori-
metric analysis was performed in 30-week-old WT, Adipo-SIRT1, and Adipo-H363Y under calorie restriction (light period 0700–1900 h). B:
Percentage body fat mass (total fat content/body weight %, left panel) and visceral fat (epididymal and per renal fat/body weight %, right
panel) were measured and calculated for calorie-restricted WT, Adipo-SIRT1, and Adipo-H363Y as in Fig. 2. C: Serum triglyceride
concentration was monitored in calorie-restricted mice killed at the ages of 20, 30, or 40 weeks. D: Tissue contents of triglycerides
(left), cholesterols (middle), and free fatty acids (right) were measured in epididymal fat pads collected from WT, Adipo-SIRT1, and
Adipo-H363Y after 30 weeks of calorie restriction. E: Tissue triglyceride contents in livers and skeletal muscles collected from calorie-
restricted WT, Adipo-SIRT1, and Adipo-H363Y were measured and compared (n = 8).
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Taken together, these results suggest that augmented
histone biotinylation contributes to the rigid chromatin
structure in adipose tissues of Adipo-H363Y, which pre-
vents the adaptive responses of genomic activation and
silencing, thus leading to an accelerated aging phenotype of
these mice. The abnormal epigenetic modifications can be
largely removed by calorie restriction.

Biotin Deficiency Prevents the Development of
Metabolic Dysfunctions in WT and Adipo-H363Y
During aging, biotin is progressively accumulated in
adipose tissues of mice and inhibits the deacetylase
activity of SIRT1 (14). The biotin content in adipose tis-
sues of Adipo-H363Y was augmented significantly (by ap-
proximately twofold) even at the age of 20 weeks when
compared with those in WT (Fig. 6A, left panel). Calorie

restriction prevented the accumulation of biotin in adi-
pose tissues of both WT and Adipo-H363Y (Fig. 6A, right
panel). To further validate the involvement of biotin ac-
cumulation in adipose tissues as a cause of systemic met-
abolic deregulation, WT and Adipo-H363Y were given
either a biotin-sufficient or a biotin-deficient diet from
10 to 20 weeks of age. This relatively short period of
biotin deficiency did not induce obvious abnormalities
but significantly reduced the biotin content and elevated
SIRT1 activity in adipose tissues of WT and Adipo-H363Y
(Fig. 6B). Compared with those receiving the biotin-sufficient
diet, the amount of acetylated and biotinylated histones
was decreased significantly in adipose tissues of mice
fed the biotin-deficient diet (Fig. 6C). The latter
diet also reduced the contents of the vitamin in livers

Figure 5—Calorie restriction prevents aging- and hSIRT1(H363Y)-induced gene changes by inhibiting histone biotinylation and promoting
histone acetylation. A: Profile plot was performed by GeneSpring GX 12.6 to display the normalized intensity changes between young (8
weeks) and old (40 weeks) WT, Adipo-SIRT1, or Adipo-H363Y. Each line represents a single gene of the 3,915 gene list summary
(Supplementary Table 1). The average intensities of all genes were calculated for both “young” and “old” samples and are listed at the
bottom of each graph. B: Histone enrichment was performed using epididymal adipose tissues collected from 8-week-old WT, Adipo-
SIRT1, and Adipo-H363Y. Western blotting was performed to analyze the global acetylated (top left, detected with antiacetylated lysine
antibody) and biotinylated (top middle, probed with streptavidin-HRP) histone levels in isolated histone fractions (top right, stained with
Coomassie Brilliant Blue). The band signals were quantified and presented as fold changes for H3 and H4, respectively (bottom left and
right). C: Profile plot was performed as in Fig. 5A to display the normalized intensity changes between young (8 weeks) and calorie-
restricted old (Old_CR, 40 weeks) WT or Adipo-H363Y. Each line represents a single gene of the 3,915 gene list (Supplementary Table 1).
The average intensities of all genes were calculated and are listed at the bottom of each sample group. D: Epididymal fat pads were
collected from mice (40 weeks old) that were either fed ad libitum (AL) or subjected to calorie restriction (CR). Global acetylated and
biotinylated histone levels were determined as in panel B. *P < 0.05, compared with corresponding WT group; #P < 0.05, compared with
corresponding AL group (n = 3–6).
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(from 961 6 113 to 703 6 83 ng/g in WT and from
1,042 6 175 to 685 6 92 ng/g in Adipo-H363Y). By
contrast, restriction of total calorie intake did not
change the biotin contents in livers of either WT
(710 6 132 ng/g) or Adipo-H363Y (730 6 111 ng/g),
which were comparable to those of mice fed ad libitum
(651 6 98 and 680 6 88 ng/g for WT and Adipo-
H363Y, respectively).

Biotin-deficient mice exhibited significantly improved
ipGTT and ITT responses compared with those receiving
a biotin-sufficient diet (Fig. 6D). There was no significant
difference between WT and Adipo-H363Y. The plasma in-
sulin level was reduced in both WT and Adipo-H363Y fed
with biotin-deficient diet (Fig. 6E, left panel). The nonfast-
ing blood glucose was not different between WT and
Adipo-H363Y receiving the biotin-sufficient diet, which
contained higher amounts of sucrose (60%) and fat
(12%) than the standard mouse chow (3.18 and 5.6%, re-
spectively). Nevertheless, after ad libitum feeding with
a biotin-deficient diet, the plasma glucose level was reduced
in both WT and Adipo-H363Y (Fig. 6E, middle panel). Cir-
culating triglycerides were also decreased by the biotin-
deficient diet to similar levels in WT and Adipo-H363Y,
when compared with their respective biotin-sufficient

groups (Fig. 6E, right panel). Likewise, the triglyceride con-
tent in skeletal muscle and liver was significantly reduced
to comparable levels in biotin-deficient WT and Adipo-
H363Y (Fig. 6F, left panel). Adipo-H363Y under biotin-
deficient diet showed an enhanced capacity of triglyceride
storage in their adipose tissues. In addition, the free fatty
acid contents of adipose tissues were significantly reduced
by the biotin-deficient diet in both WT and Adipo-H363Y
(Fig. 6F, right panel). Both calorie restriction and the
biotin-deficient diet increased SIRT1 protein expression
in adipose tissues of WT but did not change that of
Adipo-SIRT1 and Adipo-H363Y (Supplementary Fig. 13A).
The circulating adiponectin levels were elevated by both
calorie restriction and the biotin-deficient diet, whereas
the circulating levels of the proinflammatory adipokine
lipocalin-2 were reduced by these treatments (Supplementary
Fig. 13B and C).

Taken in conjunction, the present results support
the concept that biotin accumulation in adipose tissue
is causally involved in the development of aging-
associated metabolic abnormalities and, thus, that
limiting the intake of biotin represents an effective
way to enhance adipose SIRT1 function and prevent
metabolic aging.

Figure 6—Biotin-deficient diet restores metabolic functions in WT and Adipo-H363Y. A: The tissue content of biotin was measured in
epididymal fat pads collected from WT and Adipo-H363Y at different ages (left), and compared between mice (30 weeks old) that were fed
ad libitum and under calorie restriction treatment (right). B: Biotin content (left) and SIRT1 activity (right) were measured in epididymal
adipose tissues of WT and Adipo-H363Y subjected to treatments with biotin-sufficient (SU) or biotin-deficient (DE) diet. C: Acetylated or
biotinylated histones were detected as in Fig. 5 using adipose tissues collected from WT and Adipo-H363Y fed with either SU or DE diets.
D: ipGTT (top) and ITT (bottom) were performed in WT and Adipo-H363Y subjected to 10 weeks of SU or DE diets. The AUCs were
calculated and compared (right panels). E: Serum insulin, nonfasting glucose, and circulating triglyceride levels were measured and
compared in WT and Adipo-H363Y fed with SU or DE diets. F: Tissue triglycerides (left) and free fatty acids (right) were measured in
WT and Adipo-H363Y fed with SU or DE diets. *P < 0.05, compared with corresponding WT control group; #P < 0.05, compared with the
corresponding SU group (n = 8). AFU, arbitrary fluorescence unit.
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Upregulated Acetyl-CoA Carboxylase 2 Contributes to
the Dominant-Negative Effects of hSIRT1(H363Y) on
Inhibiting Endogenous SIRT1

SIRT1 regulates the protein stability and acetylation
status of acetyl-CoA carboxylase (ACC), a biotin reservoir
(14,25). The protein expression of ACC was upregulated
in adipose tissues of Adipo-H363Y (Fig. 7A). Further anal-
ysis revealed that the total protein level of isoform ACC2,
but not ACC1, and that of acetylated ACC2 were aug-
mented significantly in adipose tissues of Adipo-H363Y
(Supplementary Fig. 14A). Both SIRT1 and ACC2 were
present in mitochondria isolated from the three groups
of mice (Supplementary Fig. 14B). Both calorie restriction
and biotin-deficient diet decreased the total amount of
ACC2 in adipose tissues of Adipo-H363Y (Fig. 7B). The
amount of acetylated ACC2 was also reduced by the treat-
ments (Fig. 7C). To confirm that ACC2 is involved in
regulating the total amount of biotin, specific chemically

modified ACC2 siRNAs were used to treat WT and Adipo-
H363Y in vivo. After treatment, epididymal adipose
tissues were collected for analysis. Reducing total ACC2
protein levels significantly decreased the amount of biotin
in adipose tissues of both types of mice but increased
their SIRT1 activities (Fig. 7D). Moreover, ACC2 siRNA
treatment significantly inhibited the biotinylation and
acetylation of histones in adipose tissues of Adipo-
H363Y (Fig. 7E). In addition, recombinant adenovirus–
mediated overexpression of hSIRT1(H363Y) in cultured
3T3-L1 adipocytes significantly increased the protein lev-
els of ACC2, the intracellular accumulation of biotin, as
well as the amount of biotinylated histones (Fig. 7F).

Histones are the most conserved protein substrates of
SIRT1 (26). To define the interrelationships between his-
tone acetylation and biotinylation, a series of histone H3
peptides containing 21 amino acid residues with acety-
lated K14 and/or biotinylated K18 was synthesized

Figure 7—ACC2 regulates total biotin content in adipose tissues. A: Western blotting analysis of ACC protein expression in epididymal
fat pads collected from WT and Adipo-H363Y at different ages. B: Expression of ACC2 was compared in epididymal fat pads of WT and
Adipo-H363Y fed ad libitum (AL) or under calorie restriction (CR) (top), or subjected to biotin-sufficient (SU) or biotin-deficient (DE) diet
treatments (bottom). C: Immunoprecipitation was performed using antibodies against ACC2 and the acetylated ACC2 was measured in
the immunoprecipitates by Western blotting. D: Biotin content (top), ACC expressions (middle), and SIRT1 activity (bottom) were
measured in epididymal fat lysates of WT and Adipo-H363Y treated in vivo with specific ACC2 siRNA or scrambled siRNA (scRNA).
E: Biotinylated and acetylated level of histones were compared in epididymal fat pads of WT and Adipo-H363Y after RNAi treatment as in
panel D. F: Murine 3T3-L1 preadipocytes induced to differentiate as previously described (50), followed by infection with recombinant
adenoviruses encoding luciferase or the human SIRT1 mutant hSIRT1(H363Y) at a multiplicity of infection of 100 (51). The cells were
harvested 48 h after infection. Protein expression of SIRT1 and ACC2 (top left), biotin content (bottom left), and biotinylated histones
(right) were measured as above. AFU, arbitrary fluorescence unit. *P < 0.05, compared with corresponding control groups; #P < 0.05,
compared with the corresponding scRNA groups (n = 3–4).
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(Supplementary Fig. 15A). In vitro deacetylation assays
were performed to compare SIRT1-mediated deacetyla-
tion of acetyl-H3 with that of biotinyl-acetyl-H3 (Supple-
mentary Fig. 15B). The ratios of nicotinamide (NAM) to
NAD and deacetyl-H3 to acetyl-H3, which were calculated
based on the sizes of the peaks, were both significantly
reduced (by ;80%) in reactions containing the peptide
with biotinylated K18 (Supplementary Fig. 15B), indicat-
ing that biotinylated histones are less susceptible to
SIRT1-mediated deacetylation. When biotin was present in
the reaction buffer, SIRT1 did not cause deacetylation of
acetyl-H3 peptide (Supplementary Fig. 15C). In fact, the ad-
dition of biotin facilitated the formation of biotinyl-acetyl-
H3 peptide clusters from acetyl-H3 peptide (Supplementary
Fig. 15C).

These results demonstrate that upregulated ACC2 in
adipose tissues of Adipo-H363Y plays a major role in
causing accumulation of biotin, which either directly
inhibits the endogenous SIRT1 activity (14) or promotes
histone biotinylation, in turn preventing SIRT1-mediated
deacetylation.

DISCUSSION

Adipose tissue stores the surplus of energy as triglycerides
and regulates whole-body energy metabolism by secreting
adipokines that elicit endocrine/paracrine functions. Dur-
ing aging, the distribution and composition of body fat
change significantly (27). A decline of fat storage in adi-
pose depots and an elevation of fat accumulation in ec-
topic organs (e.g., liver and skeletal muscle) contribute to
the deterioration of systemic metabolic functions, includ-
ing insulin resistance, hyperlipidemia, and hyperglycemia
(28). Overflow of lipids into organs other than the fat
depots is also a significant contributing factor to the ac-
celerated aging process in obese populations (29). Calorie
restriction is the most robust nongenetic approach to
extend life span and improve health in mammals (30).
It counteracts obesity and related metabolic complications
by promoting weight loss and normalizing the function of
adipose tissues (31). In particular, calorie restriction in-
creases the production of adiponectin, an insulin-sensitizing
adipokine (32), and represses inflammation in adipose
tissues (33). Yet, the molecular mechanisms underlying
the beneficial effects of calorie restriction are still poorly
understood. It has been questioned whether the actual
decrease in calorie intake or the restriction of varying
nutrients accounts for life span modulation by calorie
restriction (34).

The current study demonstrates that restricting cer-
tain dietary components, in particular biotin, impacts
positively on energy metabolism and prevents metabolic
aging, by enhancing SIRT1 activities in adipose tissues.
Biotin and its metabolite, biotinyl-59-AMP, are potent and
competitive inhibitors of SIRT1 (14). Biotinyl-59-AMP
occupies the NAD binding site and prevents the break-
down of NAD by SIRT1. Since NAD also acts as a cofactor
permitting SIRT1 to interact with protein substrates,

inhibition of NAD binding by biotinyl-59-AMP prevents
the interactions between SIRT1 and acetylated protein
substrates (14). Biotin occupies the binding pocket of
NAM, which may prevent the conformational change
from nonproductive to productive SIRT1 (35,36). Calorie
restriction reduces total biotin levels in adipose tissues; as
a result, the direct inhibitory effects of this vitamin on
SIRT1 activity in such tissues of calorie-restricted WT and
Adipo-H363Y are alleviated.

The present results further suggest that biotinylation
of protein substrates represents an indirect route by
which biotin interferes with the enzymatic functions of
SIRT1. Biotinylated histone peptides are resistant to
SIRT1-mediated deacetylation. Although being relatively
rare (37), biotinylated histones have been detected in
human cells and play a functional role in gene silencing,
responses to DNA damage, and cell proliferation (38).
Spontaneous histone biotinylation occurs in the presence
of biotinyl-59-AMP and in the absence of biotin protein
ligases (39). Thus, an increased intracellular biotin con-
tent and/or turnover can elevate the amount of biotiny-
lated histones. So far, 11 biotinylation sites in histones
have been identified, including K9, 13, 125, 127, and 129
in histone H2A; K4, 9, 18, and 23 in histone H3; and K8
and 12 in histone H4 (40). Biotinylated histones contrib-
ute to epigenetic modulations involved in the regulation
of chromatin structure/stability and genome activation/
inactivation. This conclusion is supported by the present
observation that different levels of histone biotinyla-
tion determine the distinctive patterns of aging-induced
chromatin remodeling. Biotin-containing nucleosomes
maintain a more condensed average structure (41). In
Adipo-H363Y, increased biotinylation prevents endoge-
nous SIRT1-mediated deacetylation of histones and ren-
ders the genome more rigid even at a relatively young age.
The resulting structural changes alter the chromatin ac-
tivities of Adipo-H363Y, causing an imbalanced produc-
tion of pro- and anti-inflammatory adipokines, abnormal
expression of genes involved in lipid metabolism, adipo-
genesis and extracellular matrix deposition, and aberrant
genetic adaptations to external conditions and aging.
However, calorie restriction can restore the nucleosomal
remodeling process and reset the basal state of the ge-
nome structures in adipose tissues of Adipo-H363Y. The
current study further demonstrates that the beneficial
effects of calorie restriction can be mimicked by restric-
tion intake of biotin, which directly (14) and indirectly (by
modifying its protein substrates) enhances the endoge-
nous activity of SIRT1.

The initial breakthrough of identification of SIR2 as
an enzyme came along with the identification of the
Salmonella typhimurium CobB protein, a SIR2 homolog
(42). CobB compensates for the lack of CobT mutants
during vitamin B12 biosynthesis and possesses nicotin-
ate mononucleotide (NaMN)–dependent phosphoribo-
syltransferase activity. Thus, CobB catalyzes the release
of nicotinic acid from NaMN, whereas SIRT1 removes
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NAM from NAD. Biotin and NAM were originally discov-
ered as the same class of heat-stable vitamins (43). Un-
like NAM, nutritional deficiencies of biotin are rare.
Biotin functions in mammals as a CO2 carrier for reactions
in which a carboxyl group is transferred to one of four
biotin-dependent carboxylases. Consequently, biotin partic-
ipates as an important cofactor in gluconeogenesis, fatty
acid synthesis, and branched-chain amino acid catabolism
(44). During aging, the deacetylase activity of SIRT1 is de-
creasing progressively in adipose tissues, and this is accom-
panied by excessive biotin accumulation (14). The evidence
from the current study and a previous report suggests that
biotin supply in diet dominantly inhibits SIRT1 activity and
abolishes the beneficial functions of this antiaging protein
(14). However, a self-defending mechanism for preventing
excess accumulation of biotin is controlled by SIRT1 via
ACC2, a major intracellular reservoir and a mitochondrial
store of biotin (14,45). The present results suggest that by
reducing the total protein amount of ACC2, SIRT1 can
regulate the intracellular biotin contents in adipocytes. Un-
der conditions of low biotin intake, enhanced SIRT1 activ-
ity downregulates ACC2, leading to a further decrease of
intracellular biotin content and the elimination of biotiny-
lated histones, in turn facilitating the dynamic chromatin
remodeling and genome activation/inactivation.

The highly conserved H363 residue of SIRT1 forms the
binding site for NAD. In yeast, the hSIRT1(H363Y)
equivalent mutant SIR2(H364Y) possesses an impaired
NAD-dependent histone deacetylase activity (7,26). The
strong dominant-negative effects of SIR2(H364Y) have
been suggested to result from the incorporation of an
inactive SIR2 into silencing complexes. In mammalian
cells, whereas the histone deacetylation activity of
hSIRT1(H363Y) is impaired, the silencing effects of this
mutant are not completely lost (46,47). The hSIRT1(H363Y)
mutant exhibits defective substrate binding and catalytic
activity that are not locus or species specific (35). The
current study reveals that in adipose tissues of Adipo-
H363Y, increased biotin contents and augmented biotiny-
lation of histones play a dominant-negative role in
preventing endogenous SIRT1-mediated deacetylation
and chromatin remodeling. In adipose tissues of Adipo-
SIRT1, the interactions between SIRT1 and ACC2 are sig-
nificantly enhanced and more sensitive to nutritional
changes. By contrast, mice with overexpression of
hSIRT1(H363Y) in adipose tissues show significantly de-
creased interactions between ACC2 and SIRT1 (data
not shown), leading to a persistent elevation of the pro-
tein levels of ACC2, both under basal conditions and
during dietary interventions. The present results demon-
strate that downregulation of ACC2 (the mitochondrial
form of ACC [48]) reduces the biotin content in adipose
tissues and leads to a significantly decreased level of
histone biotinylation. Previous radioactive tracer studies
suggest that a significant portion of biotin is localized
as bound forms in both nuclei and mitochondria
(49). Whereas ACC2 and SIRT1 are both localized in

mitochondria, the amount of SIRT1(H363Y) in this or-
ganelle is significantly reduced, which may be attributed
to the augmented ACC2 protein levels in adipose tissues
of these mice.

In summary, histone biotinylation was significantly
enhanced in adipose tissues of Adipo-H363Y, causing
deranged epigenetic modifications and chromatin re-
modeling, which contributed to the accelerated aging
phenotype in these mice. Calorie restriction reduces
biotinylated histone levels in adipose tissues of Adipo-
H363Y, allowing nucleosome deacetylation to occur in
these mice at similar levels as in WT. However, unlike
biotin-deficient diet, calorie restriction could not further
improve most of the metabolic parameters beyond the
levels of those in Adipo-SIRT1, which correlates with its
milder effects on biotin reduction in mouse adipose
tissues. By contrast, the biotin-deficient diet more
aggressively decreases biotin contents in adipose tissues
of WT and Adipo-H363Y beyond those in Adipo-SIRT1,
supporting the interpretation that short-term biotin
restriction in the diet is more effective in improving
metabolic function than a general restriction of total
calorie intake. Thus, although biotinylation directly
inhibits SIRT1-mediated deacetylation of histones, calo-
rie restriction or a diet deficient in biotin prevents
histone biotinylation independent of SIRT1, which sub-
sequently facilitates gene silencing and prevents aging
(Fig. 8). Based on this information, one could speculate
that in mammals, caloric restriction may enhance SIRT1
activity by selective depletion of biotin storage in adi-
pose tissue, in turn preventing aging-associated meta-
bolic disorders and promoting life span extension.

Figure 8—Schematic summary. Calorie restriction prevents SIRT1
dysfunction–induced abnormal chromosome remodeling and epi-
genetic modification in adipose tissues.
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