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Abstract: SIRT1, a longevity regulator and NAD*-dependent deacetylase, plays a critical role in promoting metabolic
fitness associated with calorie restriction and healthy ageing. Using a tissue-specific transgenic approach, the pres-
ent study demonstrates that over-expression of human SIRT1 selectively in adipose tissue of mice prevents ageing-
induced deterioration of insulin sensitivity and ectopic lipid distribution, reduces whole body fat mass and enhances
locomotor activity. During ageing, the water-soluble vitamin biotin is progressively accumulated in adipose tissue.
Over-expression of SIRT1 alleviates ageing-associated biotin accumulation and reduces the amount of biotinylated
proteins, including acetyl CoA carboxylase, a major reservoir of biotin in adipose tissues. Chronic biotin supplemen-
tation increases adipose biotin contents and abolishes adipose SIRT1-mediated beneficial effects on insulin sensi-
tivity, lipid metabolism and locomotor activity. Biochemical, spectrometric and chromatographic analysis revealed
that biotin and its metabolites act as competitive inhibitors of SIRT1-mediated deacetylation. In summary, these
results demonstrate that adipose SIRT1 is a key player in maintaining systemic energy homeostasis and insulin
sensitivity; enhancing its activity solely in adipose tissue can prevent ageing-associated metabolic disorders.
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Introduction

SIRT1 (Sirtuin 1) is a member of the NAD*-
dependent deacetylase family that catalyzes
the removal of acetyl groups from protein sub-
strates [1, 2]. Mammalian SIRT1 acts as an
energy and stress sensor modulating metabol-
ic responses to nutrient availability. By regulat-
ing the acetylation status of different intracel-
lular protein targets, SIRT1 fulfills metabolic
functions in an organ- and tissue-specific man-
ner. For example, SIRT1 increases fasting
hepatic gluconeogenesis and bile acid homeo-
stasis [3], promotes fat mobilization and adipo-
nectin production from adipocytes [4], enhanc-
es insulin secretion in pancreatic B-cells [5],
governs the differentiation and regeneration of
skeletal muscle fibers [6], and senses nutrient
availability in the hypothalamus [7]. Activation
of SIRT1 by pharmacological agents protects

mice against diet-induced obesity and insulin
resistance, improving the survival and health
span of obese mice [8, 9]. Although the avail-
able information suggests that SIRT1 is a phar-
macological target for the treatment of ageing-
associated metabolic disorders, investigations
that further determine its tissue-specific
actions could justify more targeted therapeutic
approaches.

Relative little information is available with
respect to the role of SIRT1 in adipose tissue, a
pivotal organ controlling lifespan and energy
metabolism. In fat-specific SirT1 knockout mice,
systemic and adipose inflammation was
observed as early as at four weeks of age [10].
Antisense oligonucleotides-mediated knock
down of SirT1 in both liver and fat stimulates
the production of inflammatory factors from
white adipose tissue [10]. However, the role of
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SirT1 in glucose or fatty acid metabolism could
not be addressed due to anorexia after the
antisense treatment [11]. Transgenic mice that
have two to three fold increases of SirT1 expres-
sion in most tissues also show adipose tissue
inflammation under basal conditions [12]. As
SirT1 is produced by all types of cells, including
those of the vascular and inflammatory system,
non-specific loss or gain the function of this
protein can cause abnormalities of the adipose
micro-environment, such as altered blood and
oxygen supply [13], which confounds the dis-
section of its contribution to metabolic
regulation.

Mice with specific ablation of SifT1 expression
in their adipocyte-lineage of cells show
increased adiposity as early as at one month of
age [14]. Both with ageing and under obese
conditions, the body weight and adipose tissue
contents of these mice were persistently higher
than those of the control littermates. In fact,
gene expression profiling analysis revealed that
the alterations caused by diminished SirT1
expression in adipose tissue mimics those
induced by dietary obesity [14]. However, all
results of this study were obtained in female
mice, known to be resistant against high fat
diet-induced metabolic syndrome [15]. In addi-
tion, concerns of the non-specific effects asso-
ciated with conditional gene targeting based on
the Cre/loxP technology have been raised [16].

SirT1 may be a brown remodeling factor of
white adipose tissue [17]. SirT1-dependent
deacetylation of peroxisome proliferator-acti-
vated receptor gamma (PPARYy) contributes to
this process. The browning function of SirT1 is
observed in mice that are exposed to mild cold
challenge, but not at ambient temperature.
Moreover, SirT1-dependent browning occurs in
a heterogeneous fashion and is limited to a
specialized subset of adipocytes. Although the
above information suggests a beneficial role of
SIRT1 in adipose tissue, evidence is lacking
from tissue-specific transgenic models, and for
supporting its metabolic function during the
ageing process.

Two genetically modified mice models that
selectively overexpress wild type human SIRT1
(AWSM) or the dominant negative deacetylase
mutant SIRT1 (H363Y) (AHSM) in adipose tis-
sues were established. These mice did not
exhibit detectable differences (in particular
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regarding body weight and fat composition)
from wild type littermates at the early stage of
life. The metabolic phenotypes only started to
diverge after four to five month of age under
standard chow conditions, suggesting the suit-
ability of these mice for studying ageing and
associated metabolic disorders. Compared to
AWSM, AHSM showed a significant deteriora-
tion of metabolic performance due not only to
the loss-of-deacetylase function of SIRT1 but
also other mechanisms, which will be reported
separately. In the present study, the character-
ization was mainly focused on the metabolic
phenotypes of AWSM. The results demonstrat-
ed that elevation of SIRT1 expression in adi-
pose tissue per se prevented the development
of ageing-associated insulin  resistance,
improved systemic energy homeostasis, and
enhanced spontaneous locomotor activity.
These beneficial effects of SIRT1 can be attrib-
uted to the promotion of lipid metabolism in
adipose tissue and muscle, resulting in reduced
fat accumulation at ectopic sites. The water-
soluble vitamin biotin can antagonize the anti-
metabolic ageing effects of SIRT1, indepen-
dently of NAD* bioavailability, in adipose
tissue.

Results

Overexpression of human SIRT1 (hSIRT1) in
mice adipose tissue prevents the development
of ageing-associated metabolic disorders

We generated transgenic mice, which selective-
ly overexpress either wild type hSIRT1 (AWSM)
oritsdominant negative mutant hSIRT1(H363Y)
(AHSM) in adipose tissues. The transgene was
driven by adipocyte protein 2 (aP2) promoter
[18], and expressed with a Flag tag at the
COOH-terminus (Supplementary Figure 1A).
The Flag-tagged hSIRT1 or hSIRT1(H363Y) was
detected in epididymal (epi), gluteal (glu), inter-
scapular (inter), perirenal (peri), subcutaneous
(sub), and brown (BAT) fats, but not in liver and
skeletal muscle (Supplementary Figure 1B and
1C). Same amounts of tissue extracts were
subjected to SIRT1 activity measurement, using
an acetylated p53 tri-peptide as the substrate
for in vitro deacetylation. Compared to wild
type mice (WTM), on average, the SIRT1 activity
in visceral adipose tissues of AWSM increased
1.7 fold, whereas that of AHSM decreased
more than 50% (Supplementary Figure 1D). The
Flag-tagged proteins could be detected in both
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Figure 1. Overexpression of human SIRT1 in adipose tissue of mice attenuates the deterioration of insulin sensitivity
with ageing. A: Fasting (16 hours) body weights of WTM and AWSM at different ages. B: Fasting (16 hours) serum
insulin concentrations of WTM and AWSM at different ages. C: Intraperitoneal glucose tolerance tests (ipGTT) for
WTM and AWSM at different ages. The area under curve (AUC) was calculated and shown in the right panel. Black
and red curves represent WTM and AWSM, respectively. D: Insulin tolerance tests (ITT) for WTM and AWSM at differ-
ent ages. The area under curve (AUC) was calculated and shown in the right panel. *, P<0.05 compared with WTM

control group (n=10).

the adipocytes and stromal vascular fractions
isolated from the transgenic animals
(Supplementary Figure 2A), an observation in
line with findings that aP2 expression marks
not only the differentiated adipocytes but also
a population of progenitors that reside in the
adipose stem cell niche [19]. Increased expres-
sion of total SIRT4 protein in adipose tissues of
AWSM and AHSM was further confirmed by
Western blotting using a polyclonal antibody
that recognizes both human and murine SIRT1
(Supplementary Figure 2B). The amount of
acetylated histone H4 was significantly
decreased in AWSM adipose tissue
(Supplementary Figure 2B). The present study
mainly focused on the comparison between
those of AWSM and WTM.

Mice fed ad libitum were monitored until 60
weeks of age. Compared to WTM, AWSM exhib-
ited similar body weight gain, food intake and
adipose tissue morphology (data not shown).
Fed and fasting blood glucose levels were not
different  between WTM and AWSM
(Supplementary Figure 3). However, from the
age of 34-weeks, the fasting body weight of
AWSM (16-h food withdrawal with free access
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to water) was consistently lower (by 6-10%)
than that of WTM (Figure 1A). The age-depen-
dent elevation of plasma insulin levels was sig-
nificantly attenuated in AWSM (Figure 1B).
Compared to age-matched WTM, plasma insu-
lin level was decreased by 39% and 47% in 40-
and 60-weeks old AWSM, respectively. In WTM,
ageing was associated with a progressive
reduction of insulin sensitivity and glucose dis-
posal capacity, as revealed by weekly insulin
(ITT) and intraperitoneal glucose (ipGTT) toler-
ance tests (Figure 1C and 1D). Compared to
WTM, the area under curve (AUC) values of
ipGTT in AWSM were significantly lower from
the age of 30-weeks, whereas the values of ITT
AUC in AWSM were significantly decreased from
20-weeks onwards. These results suggest that
overexpression of hSIRT1 in mice adipose tis-
sue attenuates the development of ageing-
associated insulin resistance.

AWSM show improved fatty acid oxidation
capacity and decreased ectopic lipid accumu-
lation

Subsequent metabolic characterization was
performed in mice at or older than the age of
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Figure 2. Overexpression of human SIRT1 in adipose tissue of mice improves lipid metabolism, enhances energy
expenditure and increases locomotor activity. A: Percentage body fat mass (fat content/body weight%) of WTM and
AWSM (36-weeks old, fasted for 16 hours). B: Serum lipid levels of WTM and AWSM (36-weeks old, fasted for 16
hours). C: Lipid measurement in epididymal (epi) fat, liver and skeletal muscle of WTM and AWSM (36-weeks old,
fasted for 16 hours). D: Indirect calorimetry analysis of WTM and AWSM (40-weeks old) (light period 0700-1900). *,

P<0.05 compared with WTM control group (n=10).

36-weeks. In line with the lower fasting body
weights, NMR fat composition analysis revealed
that whole body adiposity in AWSM was only
~50% of that in WTM under fasting conditions
(Figure 2A). The circulating lipid (triglyceride
and cholesterol) levels were significantly
decreased in AWSM (Figure 2B). The wet
weights of post mortem dissected fat pads and
liver tissues were not significantly different
between WTM and AWSM (Supplementary
Figure 4A). However, the triglyceride contents in
both liver and skeletal muscle of AWSM were
significantly reduced when compared to WTM
(Figure 2C). Insulin-stimulated glucose uptake
was higher in peripheral tissues of AWSM than
in those of WTM (Supplementary Figure 4B).
Energy metabolism was assessed by indirect
calorimetry (Figure 2D). During the dark cycle,
the energy expenditure (EE), oxygen uptake
(VO,) and carbon dioxide output (VCO,) of
AWSM were elevated by ~12-15% when com-
pared to the values of WTM. The respiratory
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exchange ratio (RER) of AWSM (0.72 + 0.021)
was significantly lower than that of WTM (0.78
+ 0.016) during the light phase. Moreover,
AWSM exhibited elevated locomotor activity,
during both the dark and light cycles (Figure
2D).

Fatty acid oxidation was evaluated in epididy-
mal fat, liver and skeletal muscle collected
from WTM and AWSM. While the fat of AWSM
showed only slightly elevated oxidation capaci-
ty, fatty acid oxidation rate in soleus muscle of
AWSM was significantly increased (more than
four-fold) compared to that of WTM (Figure 3A).
Both circulating and adipose expression of adi-
ponectin [an insulin-sensitizing adipokine [20]]
were augmented in AWSM adipose tissue
(Figure 3B). The mRNA levels of acetyl-CoA car-
boxylase (ACC) were not different between
groups (data not shown); however, the protein
expression of ACC was decreased to a barely
detectable level in AWSM fat (Figure 3C). The
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Figure 3. Increased lipolysis and fatty acid oxidation capacity in adipose tissue and skeletal muscle of AWSM, re-
spectively. A: Fatty acid oxidation analyzed using mitochondria extracted from epididymal (epi) fat, liver and skeletal
muscle of WTM and AWSM (36-weeks old). B: Left: Quantitative PCR analysis of adipose adiponectin expression;
Right: Serum adiponectin levels analyzed by ELISA. C: Left: Western blotting analysis of ACC protein expression
in epididymal (epi) fat of WTM and AWSM under fasting and ad libitum feeding conditions; Right: Co-immunopre-
cipitation analysis of the interactions between SIRT1 and ACC. D: Left: Quantitative PCR analysis of adipose ATGL
expression; Right: Lipolysis analyzed using epididymal (epi) fat of WTM and AWSM. *, P<0.05 compared with WTM

control group (n=3-5).

extremely low levels of ACC protein expression
were accompanied by significantly increased
interaction between SIRT1 and ACC. Moreover,
both acetylated and biotinylated ACC were sig-
nificantly decreased in AWSM adipose tissue
(Supplementary Figure 5). The ACC protein
expression in skeletal muscle of AWSM was not
different from that of WTM (data not shown). In
addition, the expression of adipose triglyceride
lipase [ATGL, a rate-limiting lipolytic enzyme
[21]] was augmented, in agreement with the
increased lipolysis capacity in AWSM adipose
tissue (Figure 3D). In skeletal muscle of AWSM,
the NAD/NADH ratio was significantly augment-

ed (Supplementary Figure 6).

Taken in conjunction, the above results demon-
strate that overexpression of hSIRT1 in adipose
tissue per se resulted in improved systemic
and peripheral tissue lipid metabolism, due in
part to a significantly increased fatty acid oxida-
tion in skeletal muscle and lipolysis capacity in
adipose tissue.
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Chronic biotin supplementation abolishes
adipose SIRT1-mediated beneficial metabolic
effects

ACC is one of the intracellular protein targets of
SIRT1 [22]. It catalyzes the carboxylation of
acetyl-CoA to produce malonyl-CoA [an inhibitor
of fatty acid oxidation and building block for
extending the chain length of fatty acids [23]].
Although ACC protein expression was signifi-
cantly decreased in adipose tissues of AWSM,
the fatty acid oxidation as well as de novo lipo-
genesis (data not shown) were not altered sig-
nificantly when compared to those in WTM. ACC
also represents a major storage reservoir for
intracellular biotin, a water-soluble vitamin [24].
A biotinylation site is located within the biotin
carboxyl carrier protein (BCCP) domain of the
enzyme [25]. Therefore, the global protein bioti-
nylation was compared in adipose tissues of
WTM and AWSM. The results revealed that the
amount of total biotin and biotinylated proteins
was reduced significantly in AWSM fat (Figure

Am J Transl Res 2013;5(4):412-426
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Figure 4. Chronic biotin supplementation abolishes adipose SIRT1-mediated beneficial effects on lipid metabolism
and energy expenditure. A: Total (left) and protein-bound (right) biotin in epididymal (epi) fat of WTM and AWSM
(36-weeks old) evaluated by ELISA and Western blotting, respectively. B: Serum lipid levels of WTM and AWSM
(36-weeks old, fasted for 16 hours). C: Lipid measurement in epididymal (epi) fat, liver and skeletal muscle of WTM
and AWSM (36-weeks old, fasted for 16 hours). D: Indirect calorimetry analysis of WTM and AWSM (40-weeks old)
(light period 0700-1900). *, P<0.05 compared with the corresponding WTM group (n=10).

4A). In fact, overexpression of hSIRT1 signifi- tively), but had no significant effects on those in
cantly blocked ageing-associated biotin accu- liver and muscle (data not shown). Glucokinase,
mulation in adipose tissue, whereas the biotin a known gene target of biotin [26], was
contents of skeletal muscle and liver tissues decreased in AWSM fat and elevated by biotin
were not significantly different between WTM treatment (Supplementary Figure 10). Chronic
and AWSM (Supplementary Figure 7). On the supplementation with biotin abolished most of
other hand, the NAD/NADH ratio was not the metabolic differences between WTM and
altered in the adipose tissues of AWSM when AWSM. The responses of WTM and AWSM to
compared to that in WTM across different age ipGTT were similar (Supplementary Figure 11).
groups (Supplementary Figure 8). In a wild type Circulating lipid levels and skeletal muscle tri-
C57BL/6J mouse (12-weeks old), the biotin glyceride contents were comparable between
contents in adipose tissue (calculated against biotin-treated WTM and AWSM (Figure 4B and
the same amount of protein) were ~3.5- and 4C). Metabolic parameters measured by indi-
~2.2-fold higher than those in liver and muscle, rect calorimetry were similar between these
respectively (Supplementary Figure 9). Thus, two groups of animals, except that the light
considering the wide range of distribution and phase locomotor activity of AWSM remained
the large volume (20% of the total body weight higher than that of WTM (Figure 4D).
in a typical individual) of adipose tissue, it may
represent a major biotin reservoir in the body. The total protein expression and activity of adi-
pose ACC was not different between the two
To further evaluate whether or not a link exists groups of mice supplemented with biotin
between intracellular biotin concentration and (Figure 5A). Immunoprecipitation revealed that
adipose SIRT1-mediated metabolic function, the amount of ACC-bound SIRT1 in fat tissues
WTM and AWSM were supplemented with bio- of biotin-treated AWSM decreased to similar
tin up to the age of 60-weeks. The treatment levels as those in WTM (Figure 5B). The elevat-
elevated the biotin contents in adipose tissues ed mRNA expression of ATGL in adipose tissues
of WTM and AWSM to similar levels (59.0 + of AWSM was reduced to a level similar to that
2.20 and 60.2 + 2.13 nmol/mg protein, respec- in WTM after biotin supplementation (Figure
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Figure 5. Biotin treatment abolishes hSIRT1-mediated beneficial metabolic effects in adipose tissue and skeletal
muscle of AWSM. A: Evaluation of total ACC expression (left) and ACC activity (right) in epididymal fat of vehicle- or
biotin-treated WTM and AWSM. B: Co-immunoprecipitation (IP) analysis of SIRT1-ACC interaction and ACC acetyla-
tion in epididymal fat of vehicle- or biotin-treated WTM and AWSM. C: Comparison of ATGL mRNA expression (left)
and lipolysis rate (right) in epididymal (epi) fat of biotin-treated WTM and AWSM. D: Left: The ratios of NAD/NADH in
epididymal (epi) fat and skeletal muscle of biotin-treated WTM and AWSM; Right: Comparison of fatty acid oxidation
rate in skeletal muscle of biotin-treated WTM and AWSM. *, P<0.05 compared with corresponding WTM control

group (n=5-6).

5C). Consistent with gene expression changes,
biotin treatment reduced the lipolysis rate of
AWSM fat (Figure 5C). The NAD/NADH ratio in
skeletal muscles of AWSM remained higher
than WTM (Figure 5D), although it was
decreased significantly in both groups of mice
after biotin supplementation (compared to
Supplementary Figure 6). In addition, the fatty
acid oxidation capacity in skeletal muscle of
AWSM was significantly decreased by biotin
treatment; however, it was still higher than that
of WTM (Figure 5D).

The above findings suggested that biotin antag-
onized adipose SIRT1-mediated beneficial
effects on energy metabolism and insulin sen-
sitivity. SIRT1 activity was measured in adipose
tissue collected from vehicle or biotin-treated
AWSM. Chronic biotin supplementation caused
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over 50% reduction of SIRT1 activity in AWSM
fat (Supplementary Figure 12A). The total SIRT1
abundance was not affected by chronic biotin
supplementation, whereas the acetylated his-
tone H4 levels in AWSM fat were restored to
those observed in WTM fat (Supplementary
Figure 12B). To further confirm these in vivo
observations, a vector (ocDNA-BCCP) was con-
structed for overexpressing the BCCP protein
fragment (ACCf) from amino acid 708 to 1053
of human ACC (AAC50139). Transient transfec-
tion experiments in 3T3-L1 cells revealed that
overexpression of SIRT1 reduced the protein
levels of ACCf (Supplementary Figure 13A).
Biotin blocked the inhibitory effects of SIRT1 on
ACCf expression. The SIRT1-ACCf interactions
were also inhibited by biotin treatment

(Supplementary Figure 13B). Moreover, biotin
concentration-dependently augmented histone

Am J Transl Res 2013;5(4):412-426
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Figure 6. Biotin and biotinyl-5’-AMP inhibit SIRT1-mediated deacetylation reactions. A: In vitro deacetylation assay
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matograms of acetylated (top) and deacetylated (bottom) histone H3 peptide. C: HPLC chromatograms of negative
(top, reaction without SIRT1 enzyme) and positive (bottom, reaction with SIRT1 enzyme) controls. D: HPLC chromato-
grams of biotinyl-5’-AMP (top) and positive control reaction in the presence of biotinyl-5-AMP (bottom). Representa-
tive HPLC chromatograms are shown. *, P<0.05 compared with positive control reaction (n=8).

H4 acetylation levels without changing total lev-

els of SIRT1 protein (Supplementary Figure
130C).

Collectively, the above results suggest that bio-
tin may act as a physiological inhibitor of SIRT1
enzymatic activity.

Biotin and its metabolites competitively inhibit
the deacetylase function of SIRT1

Biotin exists in both free and protein-bound
form. The breakdown product of the latter, bio-
cytin (biotinyl lysine), is cleaved into biotin and
lysine. The formation of a biotinyl-5-AMP inter-
mediate is required for re-conjugating biotin to
lysine residues [27]. In vitro deacetylation mea-
surements revealed that the addition of 500
UM biotin or its metabolite, biotinyl-5-AMP, sig-
nificantly decreased the fluorescence readings
(Figure 6A). The effect of biotinyl-5-AMP was
comparable to that of nicotinamide (NAM), an
end product inhibitor of SIRT1 [28]. Biocytin, on
the other hand, did not elicit significant inhibi-
tion of SIRT1 activity. Subsequently, in vitro
deacetylation measurements were performed
using recombinant human SIRT1 in the pres-
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ence of varying amounts of biotin/biotinyl-5"-
AMP and NAD'. The double reciprocal
Lineweaver-Burk plots of the data indicated
competitive inhibition of SIRT1 deacetylase
activity by both biotin and biotinyl-5-AMP
(Supplementary Figure 14). Biotin was four
times less potent (IC50 ~200 uM) than biotinyl-
5-AMP, whereas the latter showed similar
potency as that of nicotinamide [28].

Next, high-pressure liquid chromatography
(HPLC) was applied to validate the above
results. To this end, two peptides (acetylated
and deacetylated) derived from the NH,-
terminal tail of histone H3 were synthesized
[29, 30]. The purity was checked by HPLC anal-
ysis (Figure 6B). Purified recombinant human
SIRT1 protein was used for in vitro deacety-
lation using the acetylated H3 peptide. The
reaction gave rise to a cluster of peaks that
matched exactly the deacetylated peptide
standard (Figure 6C). Mass spectrometry con-
firmed the formation of nicotinamide from NAD*
(data not shown). The total amount of NAD* was
significantly reduced after the reaction (Figure
6C). When biotinyl-5’-AMP were included, both
the nicotinamide and the deacetylated peptide

Am J Transl Res 2013;5(4):412-426
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is lost due to decreased SIRT1 expression and activity, leading to elevated biotin accumulation in adipose tissues,
which affects energy metabolisms through both non-genetic (biotin modification of carboxylases) and genetic (biotin

modification of histones) mechanisms.

peaks could not be detected in the reaction
mixture (Figure 6D). Moreover, the amount of
NAD* was raised to a level similar to that
observed in negative control (without SIRT1
enzyme in the reaction mixture, Figure 6C).

The concept that biotin and biotinyl-5-AMP as a
physiological inhibitor of SIRT1 was further sup-
ported by molecular modeling using the flexi-
ble-ligand docking module of ICM-Pro 3.6-1
(Molsoft). SIRT1-catalyzed deacetylation con-
sists of two coupled hydrolysis steps, the cleav-
age of the glycosidic bond connecting nicotin-
amide to the ADP-ribose moiety of NAD* and
the cleavage of the C-N bond between an ace-
tyl group and lysine [31]. A conformational
change (non-productive to productive), charac-
terized by relocation of nicotinamide, facilitates
the deacetylation of lysine residues [32, 33].
Using the crystal structure of an archeal Sir2
homologue [PDB entry 2H4F [31, 34, 35]], vir-
tual docking demonstrated that biotin occupies
the binding site of nicotinamide with a calcu-
lated energy of -21.7 kcal/mol (data not shown),
whereas biotinyl-5-AMP, intermediate product
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of biotin metabolism, overlapped with NAD*
with more favorable binding energy (-48.95
kcal/mol) than nicotinamide (-30.2 kcal/mol)

(Supplementary Figure 15).

In summary, the above evidence suggests that,
by occupying the pockets for nicotinamide and
NAD*, biotin and biotinyl-5-AMP can inhibit
SIRT1-mediated deacetylation reactions by pre-
venting the binding of acetylated peptide sub-
strates and the consumption of NAD".

Discussion

During ageing, the distribution, composition
and function of body fat change dramatically
[36]. In advanced old age, while total body fat
decreases, the percentage fat composition
may increase [37]. Having a proper fat storage
in the body helps to postpone organ degenera-
tion (e.g. sarcopenia) and improve the chances
of survival in both healthy and unhealthy indi-
viduals at older ages [38]. Age-associated
decline in adipose depots is accompanied by
the accumulation of fat in ectopic organs (such
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as liver and muscle), in turn contributing to the
deterioration of systemic insulin sensitivity. In
fact, interventions that improve adipose func-
tion and lipid metabolism can enhance healthy
lifespan [39].

Adipose tissue is one of the largest organs in
human body and plays a key role in regulating
energy metabolism. The present study demon-
strates that adipose SIRT1 is critically involved
in controlling systemic energy homeostasis.
Thus, boosting SIRT1 function selectively in adi-
pose tissue prevents the deterioration of insu-
lin sensitivity with ageing. These effects are
largely attributed to improved lipid metabolism
(reduced circulating and peripheral tissue lipid
content as observed in AWSM). The protein
expression of ACC, an enzyme catalyzing the
carboxylation of acetyl-CoA to produce malo-
nyl-CoA [the inhibitor of fatty acid oxidation and
the building block for extending the chain
length of fatty acids [23]], is decreased in adi-
pose tissues of AWSM, which is in line with the
enhanced association of this enzyme with
SIRTA. By physical interaction, SIRT1 mediates
deacetylation and promotes degradation of
ACC [22]. Previous studies revealed that ACC in
liver and muscle has little effects on systemic
energy metabolism, whereas depletion of ACC1
in fat tissue decreases lipid accumulation upon
a fat-free lipogenic diet challenge [40]. In the
present study, while the total ACC protein levels
and activity are decreased, lipid storage is not
altered significantly in adipose tissues of
AWSM. On the other hand, the mice exhibit an
enhanced ability to burn fatin peripheral organs
such as skeletal muscle. The fatty acid oxida-
tion capacity in muscles of AWSM is significant-
ly elevated, which largely contributes to their
increased locomotor activities and decreased
percentage body fat composition.

In addition to its role as an enzyme, ACC is the
major storage reservoir for intracellular biotin,
a water-soluble vitamin [24]. In mammalian
cells, biotin cannot be synthesized de novo but
is released from biotinylated peptides by bio-
tinidase (EC 3.5.1.12) and recycled for covalent
attachment to specific lysine residues by holo-
carboxylase synthetase (HCS; EC 6.3.4.10).
Biotin addition is an ATP-dependent process
containing two steps, synthesis of the interme-
diate, biotinyl-5-AMP and transfer of biotin,
with release of AMP, to lysine residues of pro-
tein substrates [41]. In AWSM, ageing-depen-
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dent accumulation of biotin in adipose tissue is
blocked by hSIRT1 overexpression. Thus, com-
pared to WTM, the amounts of both total biotin
and biotinylated proteins are significantly
decreased in adipose tissues of AWSM. In mice
subjected to long term biotin supplementation,
the tissue contents of this vitamin, insulin sen-
sitivity, circulating and tissue lipid concentra-
tions are not different between WTM and
AWSM anymore. The ACC expression level in
AWSM fat increases, whereas the association
of ACC with SIRT1 decreases. Chronic supple-
mentation of biotin inhibits the fat burning
capacity in skeletal muscles and the locomotor
activity of AWSM. This evidence indicates that
the relative biotin deficiency in adipose tissue
contributes to the improved metabolic function
in AWSM.

Both biotin and biotinyl-5-AMP inhibits SIRT1-
mediated protein deacetylation. Evidence from
in vitro deacetylation, computer docking and
HPLC analysis suggests that biotinyl-5’-AMP
competitively occupies the NAD* binding sites
and prevents the breakdown of NAD* by SIRT1.
Since NAD* also acts as a cofactor permitting
SIRT1 to interact with protein substrates [32],
by inhibition of NAD* binding, biotinyl-5’-AMP
could prevent the interactions between SIRT1
and acetylated protein substrates, such as ACC
and histone. On the other hand, biotin occupies
the binding pocket of nicotinamide, which may
affect the conformational change from non-
productive to productive SIRT1 [32, 33]. In
addition, biotin may react with NAD" to gener-
ate biotinyl-5’-AMP, in turn inhibiting the deacet-
ylase activity of SIRT1. In fact, biotinylated his-
tone peptides are resistant to SIRT1-mediated
deacetylation, and acetylated peptides are
more likely to be biotinylated than non-acetylat-
ed peptides (unpublished observations).

Biotin is a cofactor for carboxylases involved in
the metabolism of glucose, amino acids, and
fatty acids [42]. Besides its role as a prosthetic
group, biotin functions as a gene expression
regulator [43]. In adipose tissues of AWSM, sig-
nificantly increased ATGL expression contrib-
utes to the enhanced lipolysis rates. After bio-
tin treatment, ATGL expression in AWSM fat
was decreased to WTM levels, along with sig-
nificantly reduced lipolysis capacity. ATGL plays
a key role in the supply of fatty acids to working
muscles [44]. Its mRNA levels increase during
fasting and decrease during refeeding [45].
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Thus, the augmented ATGL expression in adi-
pose tissue of AWSM may facilitate energy sup-
ply to contracting muscles and stimulate fatty
acid oxidation in peripheral tissues. This
explains the unchanged biotin contents in skel-
etal muscle of AWSM, but the altered NAD/
NADH ratios. The mechanism underlying biotin-
regulated ATGL expression is not clear. It is not
known whether or not biotinylation occurs on
forkhead transcription factor, FoxOl1l. By
deacetylating FoxOl1, SIRT1 promotes ATGL
gene expression [46]. In addition, histones are
posttranslationally modified by biotin, which
mainly occurs in repeat regions and repressed
loci [47]. The biotinyl-5’-AMP intermediate can
be conjugated to lysines of histones through a
non-enzymatic mechanism [48]. Unlike other
modifications (e.g. acetylation and methyla-
tion), biotinylation of histone is rare and occurs
at a rate less than 0.001% of human histones
H3 and H4 [49]. Nevertheless, it is highly pos-
sible that histone biotinylation is involved in
regulating ATGL gene expressions.

In adipose tissues of AWSM, the expression lev-
els of biotinidase, HCS and sodium-dependent
multivitamin transporter are not different from
those of WTM (Supplementary Figure 16). The
decreased biotin content is mainly due to limit-
ed biotin storage and turnover within the cells.
Thus, two sets of reciprocal relationships exist
between SIRT1 and biotin homeostasis in adi-
pose tissues (Figure 7). In young mice with
increased enzymatic function of SIRT1, the
amount of ACC is reduced and biotin cannot be
efficiently trapped inside adipocytes. Other bio-
tinylated proteins (such as histones) may also
contribute to the metabolic trapping and the
biotin turnover processes. Limited intracellular
supply of biotin will in turn affect carboxylases
function, histone modifications, gene transcrip-
tions and chromatin remodeling etc. In old mice
with decreased SIRT1 function, the amount of
ACC and other biotinylated proteins increases,
in turn augmenting the overall storage of biotin
and its metabolites in adipose tissues. Biotin,
biotinyl-5-AMP, and biotinylated peptides fur-
ther suppress the SIRT1-mediated deacety-
lation of protein substrates. As a result of the
above changes, lipid supply from adipose tis-
sues to other organs will be affected. Adipokine
(e.g. adiponectin) production will also be affect-
ed, in turn contributing to the altered metabolic
function in organs such as skeletal muscles
(Figure 7).
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Taken together, the present study reveals that
the intracellular biotin metabolism will have a
significant impact on SIRT1 function in adipose
tissue, where the biotin storage is abundant
and rapidly increasing, but the NAD/NADH ratio
remains stable under ageing conditions. In fact,
positive associations between biotin concen-
tration and ageing have been observed in
humans [50], as well as rodents [51]. In fission
yeast, intracellular biotin levels fluctuate
according to the nutrient availability: high under
excess glucose, diminished with starvation,
and virtually absent under growth-arrested
fasting conditions [52]. Such changes in biotin
concentration may affect Sir2p activity and
downstream signaling. In drosophila, biotin
affects life span, stress resistance, and fertility
[53]. Biotin deficiency for multiple generations
increases lifespan and fertility [54]. On the
other hand, elevation of SIRT1 expression con-
teracts biotin accumulation and protein bioti-
nylation in adipose tissue, in turn preventing
ageing-induced alterations of metabolism and
gene expression. Thus, the reciprocal regula-
tion between SIRT1 function and biotin homeo-
stasis in adipose tissue represents an impor-
tant therapeutic target for ageing-related
metabolic dysfunctions.

Materials and methods (see also in supporting
information)

Animal experiments

All procedures were approved by the commit-
tee on the use of live animals for teaching and
research of the University of Hong Kong and
carried out in accordance with the guide for the
care and use of laboratory animals. For gener-
ating the transgenic mice, a 2.3-kb human
SIRT1 (hSIRT1) cDNA fragment from the GST-
hSIRT1 construct [22] was sub-cloned into a
vector pBS-aP2/pA [55]. The transgenic vector
pBS-aP2/hSIRT1 contained the full length
hSIRT1 under the control of a 5.4-kb aP2 pro-
moter [56]. Site-directed mutagenesis was per-
formed to generate another transgenic vector
pBS-aP2/hSIRT1363dn encoding a dominant
negative mutant of human SIRT1,
hSIRT1(H363Y), in which the histidine 363 resi-
due was replaced by tyrosine. The transgenic
vectors were digested by Not/ and BssS/ and an
8.5-kb fragment carrying the aP2 promoter and
the transgene was isolated and microinjected
into the pronucleus of fertilized eggs of
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C57BL/6 x CBA mice, as described [18].
Transgenic founders were identified by PCR
analysis using two sets of primers (I and Il) as
listed in Supplementary Table S1. PCR-RFLP
was performed using another two sets of prim-
ers (Ill and IV) to verify AWSM and AHSM mice.
The transgenic founders were backcrossed
with C57BL/6J mice (Jackson Laboratory, Bar
Harbor, Maine, USA) for at least 12 genera-
tions. The mice were housed in a room under
controlled temperature (23 + 1°C) and 12-hour
light-dark cycles, with free access to water and
standard mouse chow (LabDiet 5053; LabDiet,
Purina Mills, Richmond, IN). All animals
appeared normal and were fertile, giving rise to
healthy litters. Male mice were used for this
study.

For chronic administration, biotin (Sigma
Aldrich, St. Louis, MO, USA) was supplied in the
drinking water (10 mg/I). The mean daily water
intake was 5 ml/day per mouse. Thus the daily
intake of biotin was estimated to be 2.5 mg/kg
body weight/day. Mice were assigned randomly
to individual experimental groups (n=10 per
group). The treatment was started when mice
reached the age of eight weeks and continued
until the animals were sacrificed at 60 weeks of
age. Body weight change and food consump-
tion were monitored on a weekly basis.

Intra-peritoneal glucose tolerance test (ipGTT)
and insulin tolerance test (ITT) were performed
as described [57]. For ipGTT, overnight fasted
mice (16 hours) were given a glucose load by
intraperitoneal injection (1 g glucose/kg body
weight). For ITT, mice were starved for six hours
and then given an intraperitoneal injection of
insulin (1 1U/kg body weight). Plasma glucose
levels were measured in blood samples
obtained from the tail vein at different time
points as indicated.

Metabolic parameters

Glucose was measured using an Accu-Check
Advantage Il Glucometer (Roche Diagnostics,
Mannheim, Germany). Triglyceride (TG), total
cholesterol (TC), and free fatty acids (FFAS) in
serum and tissues were analyzed using
LiquiColor®  Triglycerides and  Stanbio
Cholesterol (Stanbio Laboratory, Boerne, TX),
and the Half-micro test kit (Roche Diagnostics,
Munnheim, Germany), respectively. Fasting
serum insulin concentrations were quantified
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by the commercial ELISA kits from Mercodia AB
(Uppsala, Sweden). Tissue lipid contents, intra-
peritoneal glucose tolerance test (ipGTT) and
insulin tolerance test (ITT) were evaluated as
described [57].

Metabolic analysis by indirect calorimetry

Metabolic rate [V, V,,,, Respiratory Exchange
Ratio (RER) and core body temperature] was
measured by indirect calorimetry using a six-
chamber open-circuit Oxymax system compo-
nent of the Comprehensive Lab Animal
Monitoring  System  (CLAMS; Columbus
Instruments, Columbus, OH). Mice were main-
tained at ~23°C under a 12 : 12-h light-dark
cycle (light period 0700-1900). Food and water
were available ad libitum. Animals were housed
individually in specially built Plexiglas cages (5
x 4.5 x 8.5 in.), through which room air was
passed at a flow rate of ~0.54 |/min. Exhaust
air from each chamber was sampled at one-
hour intervals for a period of one minute.
Sample air was sequentially passed through O,
and CO, sensors for determination of O, and
CO, content. Spontaneous locomotor activity
was monitored as photobeam breakage binned
every 30 s with a resolution of 10 milliseconds.
All mice were acclimatized to the cage for 48
hours before hourly recordings of physiological
parameters during a two-days feeding course
and a 24 h fasting course. Locomotor activity
was binned every 30 s with a 50 ms resolution.

Body composition analysis

Animal body composition was assessed by
NMR using a Brucker Minispec Live Mice
Analyzer (model mq7.5, LF50, Bruker Optics,
Inc) and postmortem dissected weights mea-
surement. NMR is performed in conscious
unanesthetized mice. All measurements were
performed in duplicate. Indices of percentage
fat and lean mass were obtained using this
method.

In vitro deacetylation assay

SIRT1 activity was measured with a Fluorometric
Drug Discovery kit from Enzo Life Sciences
International, Inc (Plymouth Meeting, PA, USA).
Fluorescence was measured on a fluorometric
reader (Cytofluor Il 400 series PerSeptive
Biosystems) with excitation set at 360 nm and
emission detection set at 460 nm. Reactions
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consisted of either 150 ng of recombinant
hSIRT1 protein or 20 ug of tissue lysates. For
inhibitor assays, reactions were performed in
the presence of a range concentrations of NAD*
(50, 100, 200, 350, 500 or 700 uM) and either
nicotinamide (Sigma), biotin (Sigma), or biotinyl-
5-AMP. Reactions were carried out at 37°C for
20 minutes and analyzed by fluorometry (exci-
tation at 360 nm and emission at 460 nm).
Negative controls (without SIRT1 enzyme) were
included for normalization.

HPLC analysis

Recombinant human SIRT1 (3.6 yM) was incu-
bated with substrate (acetylated peptide, 500
uM) and NAD* (500 uM) for deacetylation reac-
tion in 50 mM Tris buffer (pH 7.5), in the pres-
ence and absence of 500 uM nicotinamide,
biotin or biotinyl-AMP. The reaction was carried
on at 37°C for 10 min. Trifluoroacetic acid was
added to 0.1% before fractionation by HPLC as
described [29, 30]. The peptide sequence was
ARTKQTARKSTGGKAPPKQLC. The acetyl group
was added to the lysine 14 residue to obtain
acetylated H3 peptide ARTKQTARKSTGG(AcK)
APPKQLC (AcLys14).

Data analysis

All results were derived from at least three sets
of experiments. The density of protein bands in
Western blotting results were quantitatively
analyzed by Image) 1.45 software for calculat-
ing the expression ratios against loading con-
trol. Representative Western blotting images
were shown. Statistical calculations were per-
formed with the Statistical Package for the
Social Sciences version 11.5 software package
(SPSS, Inc., Chicago, IL). The differences in
body weights and indirect calorimetry compari-
son were determined using one-way analysis of
variance (ANOVA) with repeated measures. For
multiple comparisons, the differences were
analyzed by one-way ANOVA, followed by
Dunnett’s test. Differences in other compari-
sons were determined by an unpaired two-
tailed Student’s t test. In all cases, statistically
significant differences were accepted when P
was less than 0.05; data are presented as
mean + SEM.
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Supporting Information

Materials and Methods

Glucose and fatty acid uptake, lipogenesis, lipolysis and fatty acid oxidation. Glucose uptake
was determined in isolated fat pads or skeletal muscle strips as described [1]. For measuring
fatty acid uptake, epididymal adipose tissue or soleus muscle was incubated in preoxygenated
buffer (120 mM NaCl, 4.8 mM KCl, 1.2 mM MgSOs, 25 mM NaHCOs3, 1.2 mM NaH,POy,,
1.3 mM CaCl,, pH7.4) for 30 minutes at 37°C. This was followed by another 30 minutes of
incubation in fresh buffer with or without 100 nM insulin. Fatty acid uptake was initiated by
adding 20 uM palmitic acid and 0.5 pCi/ml *H-palmitic acid. The reaction was stopped after
five minutes. Non-specific uptake was measured in the presence of excess amount of
palmitate (2 mM) and subtracted from all other values. The tissues were dissolved in 1M
NaOH and neutralized with 1M HCL

For assaying lipogenesis, adipose tissue was incubated in preoxygenated buffer
containing 5.5 mM glucose in the presence of [U—MC]glucose (1 pCi/ml) or *H,0 (1 pCi/ml).
After two hours of incubation, total lipids were extracted from the tissues by
chloroform/methanol method as described [1]. The radioactivity was determined by
scintillation counting and results normalized against the total protein amount.

For lipolysis analysis, the epididymal fat pad was incubated in oxygenated Krebs-Ringer
solution (120 mM NaCl, 4.8 mM KCI, 1.3 mM CaCl,, 1.2 mM MgSOy, 1.2 mM KH,POq, 25
mM NaHCOs3;, 6 mM glucose and 0.1 mM ascorbic acid, pH 7.6) at 37°C for 60 minutes in
sealed plastic vials oscillating at 50 times/min. The amount of glycerol released into the
media was measured with a colorimetric assay kit from Cayman Chemical Co. (Ann Arbor,
MI, USA). The triglyceride contents were measured in adipose tissue and the results

expressed in micromoles of released glycerol per mmol of tissue triglyceride in each reaction.



The rate of fatty acid oxidation was measured by the production of "*CO, from [1-'*C]
palmitic acid using mitochondria fractions from adipose, liver and muscle tissues as described
[2]. In brief, mitochondria were isolated from individual tissues as described [3] and mixed
with reaction buffer (100 mM sucrose, 10 mM Tris-HCI, 5 mM KH,PO,, 0.2 mM EDTA,
0.3% BSA, 80 mM KCl, 1 mM MgCl,, 2 mM L-carnitine, 0.1 mM malate, 0.05 mM
coenzyme A, pH 8.0). After adding 2 mM ATP, 1 mM DTT, 0.5 mM palmitic acid and 0.4
pCi/ml [1-"*C) palmitic acid, the reaction was continued at 37°C for 60 minutes and then
stopped with 1 M perchloric acid. The released HC0o2 was captured by filter paper rinsed
with concentrated hyamine hydroxide. The filter paper was transferred to scintillation vial for
radioactivity counting.

ACC activity. ACC activity was measured as described [4] with modifications. Briefly, tissue
was homogenized on ice in buffer containing 50 mM Tris-HCl (pH 7.4), 250 mM mannitol, 1
mM EDTA, 1 mM DTT, 50 mM NaCl, 50 mM NaF, 1 mM PMSF, 5 mM Na,H,0O; and
protease inhibitor cocktail. After centrifugation at 14,000 g for 30 minutes at 4°C, the
supernatant was used as a crude enzyme fraction. The protein concentration was determined
by BCA assay (Thermo Scientific, Rockford, IL, USA). For ACC assay, the crude enzyme
fraction with equal amount of proteins was incubated with reaction mixture containing 100
mM Tris-HCI (pH 7.5), 1 mM DTT, 2.1 mM ATP, 125 uM acetyl-CoA, 6 mM MgCl,, 100
mM KCI, 10 mM sodium citrate, Img/ml BSA, 18 mM NaH['*C]O; (0.5 mCi/mmol) for 30
minutes at 37°C. The reaction was stopped by the addition of 1 M HCIO4. After
centrifugation at 2000 g for 15 minutes, the supernatant was transferred into a vial and dried.
The sample was resolved in a scintillation cocktail and the bound [14C]bicarb0nate was
quantified by a liquid scintillation counter. ACC activity was expressed in units: 1 unit = 1

nmol fixed HCO3 /min/mg protein.



ELISA quantification of total biotin. Free biotin and biotinylated proteins in serum and tissue
samples were measured using commercially available ELISA kit (Immundiagnosti, Bensheim,
Germany) according to manufacturer’s instructions. In brief, equal amounts of serum and
tissues samples were mixed with HRP-conjugated avidin and incubated for two hours at room
temperature. The mixture was then transferred to wells of biotinyl-BSA-coated plate and
incubated for another four hours at room temperature. After adding the substrate, the
absorbance at 450 nm was measured. The detection range of biotin was 0.15-500 nM.
Synthesis of biotinyl-5’-AMP. Adenylic acid (35 mg, 0.1 mmol, 1 eq.) and d-biotin (25 mg,
0.1 mmol, 1 eq.) were dissolved in 75% aqueous pyridine (0.5 ml) at 0°C. To the solution,
DCC (413 mg, 2.0 mmol, 20 eq.) in pyridine (0.5 ml) precooled to 0 °C was added slowly.
The mixture was stirred at 0°C for 24 hr. DCC was removed by filtering through a pad of
celite. The crude product was purified by preparative HPLC (Gradient: 5-20% CH3;CN/H,O
over 30 min, 20-65% CH;CN/H,O over 10 min at a flow rate of 10 ml/min), followed by
concentration and lyophilization. The identity and purity of biotinyl-5’-AMP was confirmed
by mass spectrometry analysis.

Preparation of stromal vascular cell fraction (SVF) and mature adipocytes. Adipose tissue
was digested with collagenase (1 mg/ml) for 30 min at 37°C with shaking. The cell
suspensions were filtered through a 40 pm Cell Strainer (BD Biosciences, San Jose, CA,
USA) and centrifuged at 500 g for 10 min. The supernatant containing the mature adipocytes
was collected. The SVF pellet was washed with lysis buffer (155 mM NHiCl, 10 mM
KHCO3, and 0.1 mM Na,EDTA, pH 7.4) to remove red blood cells. The adipocyte fraction
and SVF pellets were subsequently used for Western blotting.

Measurement of tissue NAD'/NADH contents. EnzyChrom™ NAD'/NADH assay Kits
(BioAssay Systems, Hayward, CA, USA) were used. In brief, tissues (20 mg) were

homogenized in extraction buffers and the total amount of NAD/NADH was measured



according to the instructions from manufacturer. The results were calculated as the amount of
NAD" or NADH (nmol) per mg of tissue weight.
Quantitative RT-PCR analysis. Total RNA were isolated from adipose tissue using TRIZOL
Reagent (Invitrogen, Carlsbad, CA) and reverse transcribed using Superscript III reverse
transcription system (Invitrogen). Oligonucleotide primers were designed using GenScript
Online Tools (http://www.genscript.com/ssl-bin/app/primer). Primer sequences are listed in
Supplementary Table S2. Quantitation of target gene mRNA was performed in 96 well plates
using QuantiTect® SYBR®Green PCR Master Mix (Qiagen, Hilden, Germany) and an ABI
PRISM 7900 HT Sequence Detection System (Applied Biosystems, Foster city, CA).
Quantification was achieved using Ct values that were normalized with beta-actin as a
reference control.
Western blotting and co-immunoprecipitation. Antibodies against ACC, acetylated lysine and
DYKDDDDK Flag-tag were purchased from Cell Signaling (Beverly, MA, USA).
Antibodies against SIRT1 and acetylated histone H4 (KS5, K8, K12 and K16) were from
Millipore (Billerica, MA, USA). Monoclonal antibody against beta-actin and streptavidin
HRP conjugate were purchased from Sigma. For Western Blotting, proteins derived from cell
or tissue lysates were separated by SDS-PAGE and transferred to polyvinylidene difluoride
membranes. Following blocking, membranes were probed with various primary antibodies to
determine different levels of protein expressions. Streptavidin HRP conjugate was used for
probing biotinylated proteins. Immunoreactive antibody-antigen complexes were visualized
with the enhanced chemiluminescence reagents from GE Healthcare (Uppsala, Sweden).

For  co-immunoprecipitation,  tissues or cells  were  solubilized in
radioimmunoprecipitation assay lysis buffer. Same amounts of protein lysates (500 pg) were

incubated with specific antibody at 4°C overnight on a shaking platform. After washing



extensively with ice-cold PBS, the immunocomplexes were eluted with 0.1 mol/L glycine
HCI (pH 3.0) and neutralized for SDS-PAGE and Western blotting.

Cloning and mutagenesis. The BCCP cDNA fragment of human ACC (3420-4457 nt, NM
198839.1) was cloned from HepG2 cells with the primers listed in Supplementary Table S1.
After another two rounds of PCR to introduce sequences encoding a myc (EQKLISEEDL)
and a Flag (DYKDDDDK) tag at 5’ and 3’ end, respectively, a Notl/Xhol fragment was
subcloned into pcDNA 3.1 (+) vector to produce the mammalian expression vector pcDNA-
BCCP.

Molecular docking The ICM-Pro 3.7-2b program [Molsoft] was applied to evaluate the
binding of biotin or its metabolites to Sir2 [5]. Hydrogen and missing heavy atoms were
added to the structure followed by local minimization using the conjugate gradient algorithm
and analytical derivatives in the internal coordinate space. The energetically most favorable
tautomeric state of His was chosen. Position of Asn and Gln were optimized to maximize
hydrogen bonding. The correct stereochemistry and formal charges were assigned. Biotin was
then assigned the MMFF atom types and charges, and subjected to a global energy
optimization using the ICM stochastic optimization algorithm. A modified ECEPP/3 force-
field with distance-dependent dielectric constant was used for energy calculations as
implemented in ICM. The biased probability Monte Carlo minimization method consisted of
the following steps: (1) a random conformation change of the free variables according to a
predefined continuous probability distribution; (2) local energy minimization of analytical
differentiable terms; (3) calculation of the complete energy including non-differentiable terms
such as entropy and solvation energy; and (4) acceptance or rejection of the total energy
based on the Metropolis criterion and return to step 1. The binding score was evaluated by

binding energy, composes of grid energy, continuum electrostatic and entropy terms.
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Table S1. List of primers used for cDNA cloning, site-directed mutagenesis and genotyping.

Experiment

Primer sequences

Subcloning hSIRT1

Forward: CTTATCGATATCTCGTCGTGCATCTTTTG
Reveres: GGTATCGATGGCTACTTGTCATCGTCGTCCTTGTAGTCTGATTTGTTTGATGGATAGTT

Mutagenesis for hNSIRT1(H363Y)

Forward: TAATT CAGTGTTATG GTTCCTTTGC
Reverse: GCAAAGGAAC CATAACACTG AATTA

Genotyping I Forward: TGGCCCCCATTGGTCACTCCT
(product 483 bp) Reverse: GCCCGGCCCATTGTCTCCTT
Genotyping II Forward: GCAAAGGAGCAGATTAGTAGGCGGC
(product 405 bp) Reverse: CGAGGTCGACGGTATCGATGGCT
Genotyping III Forward: TGCTCGCCTTGCTGTAGACTTCC
(PCR-RFLP) Reverse: AAGCGGTTCATCAGCTGGGCA
A PCR product 373 bp is digested with Nlalll to generate two fragments of 122 bp and 251 bp in AWSM samples.
Genotyping IV Forward: TCCTGGACAATTCCAGCCATCTCT
(PCR-RFLP) Reverse: AGATGCTGTTGCAAAGGAACCAT

A PCR product 160 bp is digested with Nlalll to generate two fragments of 140 bp and 20 bp in AWSM samples.

Subcloning BCCP

Forward_1: GGGCTGAGTGACGGTGGACTGC

Reverse_1: AGGGTCCCGGCCACACAACT

Forward_2: ACCATGGAACAGAAACTGATTAGCGAAGAAGATCTGGGGCTGAGTGACGGTGGACTGC
Reverse_2: CTACTTGTCATCGTCGTCCTTGTAGTCAGGGTCCCGGCCACACAACT

Forward_3: AGCACAGTGGCGGCCGCACCATGGAACAGAAACTGATTAG

Reverse_3: GCCCTCTAGACTCGAGCTACTTGTCATCGTCGTCCTT




Table S2. List of primers used for quantitative PCR analysis.

Gene name Gene symbol [Accession ID Sequence range [Product size (bp) |[Primer sequences
Beta-actin Actb 2il145966868  |930-1107 178 Forward 5’-AGTGTGACGTTGACATCCGT-3’
Reverse 5’-CCACCGATCCACACAGAGTA-3’
Adipose triglyceride lipase (ATGL) Pnpla?2 gil254826779  |724-868 145 Forward 5-AACACCAGCATCCAGTTCAA -3'
Reverse 5'-GGTTCAGTAGGCCATTCCTC -3'
Holocarboxylase (HCS) Hics 2il146149144  |1719-1881 163 Forward 5’-TGTGCTCTTTCCACTCTGCT-3’
Reverse 5’-AAATATCGTTGGGCCACTTC-3’
Biotinidase Btd 2il270341335  |325-469 145 Forward 5’-CAGCCCAGAAGGGTGTGCAGAT-3’
Reverse 5’-CGAAAGGGCTCCAGACACGGG-3’
Acetyl-Coenzyme A carboxylase alpha Acaca gil125656172  |178-339 162 Forward 5’-CCTCCGTCAGCTCAGATACA -3’
(ACCw) Reverse 5’-CTGGAGAAGCCACAGTGAAA -3’
Acetyl-Coenzyme A carboxylase beta Acacb gil157042797  |3696-3892 197 Forward 5°-GGTGGAGTCCATCTTCCTGT -3’
(ACCB) Reverse 5’-TGTTTAGCTCGTAGGCGATG -3’
Sodium-dependent vitamin transporter Slc5a6 gil294979173  |1975-2129 155 Forward 5’-CCTTGGACTGTTCTTCCCAT-3’
(SVMT) Reverse 5’-GGAAGGAGCTGGATCCATTA-3’
Adiponectin Adipog 2il87252710 24-293 200 Forward 5’-ACGACACCAAAAGGGCTCAGGA-3’
Reverse 5’-CCATCACGGCCTGGTGTGCC-3"
Glucokinase Gck 2il118129970  |48-247 200 Forward 5-AGA GCA GAT CCT GGC AGA GT -3'

Reverse 5'-TGG TTC CTC CCA GGT CTA AG -3'
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Supplementary Figure 1. Establishment of transgenic mice selectively over-expressing human SIRT1 (hSIRT1) or its mutant
hSIRT1(H363Y) in adipose tissues. (A) Fragments of transgenic vectors for overexpressing Flag-tagged hSIRT1 (NM_012238.4) or
hSIRT1(H363Y) under the control of an aP2 enhancer/promoter. (B) Representative image of Western blotting analysis of Flag-tagged hSIRT1
expression in tissues collected from AWSM. Beta-actin was probed as loading control. (C) Representative image of Western blotting analysis
of Flag-tagged hSIRT1(H363Y) expression in tissues collected from AHSM. Beta-actin was probed as loading control. (D) Adipose SIRT1
activity was measured using commercial assay kits . The results are expressed as fold changes versus that of WTM control samples. *, P <
0.05 compared with WTM control group (n=3). Epi, epididymal fat; Glu, gluteal fat; Inter, interscapular fat; Peri, perirenal fat; Sub,
subcutaneous fat; BAT, brown fat.



Supplementary Figure 2
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Supplementary Figure 2. Flag-tagged hSIRT1 and hSIRT1(H363Y) could be detected in adipocytes and stromal vascular fractions
(SVF) isolated from the fat pads of transgenic animals. (A) Epididymal fat was isolated from WTM, AWSM and AHSM. After digesting
with collagenase, adipocytes and SVF pellets were collected as described in Methods. Proteins (50 pg and 80 pg for adipocytes and SVE,
respectively) were separated by SDS-PAGE and subjected to Western blotting using antibodies against the Flag-tag (top) and beta actin
(bottom). (B) Increased expression of SIRT1 protein in adipose tissues of AWSM and AHSM was confirmed by Western blotting using an
antibody recognizing both murine and human SIRT1 (top). The amount of acetylated histone H4 (KS, K8, K12, K16) was probed with specific
antibody (middle). Beta actin was probed as the loading control (bottom).
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Supplementary Figure 3. Blood glucose levels were not different between WTM and AWSM. Fed blood glucose (left) was measured
at 10am in mice fed ad libitum. Fasting blood glucose (right) was measured at 10am in mice that were starved for16 hours.



Supplementary Figure 4
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Supplementary Figure 4. Overexpression of hSIRT1 selectively in adipose tissue enhanced peripheral insulin sensitivity. (A) Tissue
weights were recorded for WIM and AWSM sacrificed at the age of 36-week old. (B) Basal and insulin-stimulated glucose uptake was
evaluated in epididymal (epi) adipose tissue and soleus muscle strips using [*H]-2-deoxyglucuse as a tracer. The results are presented as
fold changes against the basal glucose uptake of WTM control group. *, P<0.05 compared with WTM group (n=10).



Supplementary Figure 5
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Supplementary Figure 5. Decreased biotinylation and acetylation of ACC in adipose tissues of AWSM. Immunoprecipitation (IP) was
performed using specific antibody against ACC. The biotinylation and acetylation levels of the precipitated ACC protein were probed by
Western blotting.
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Supplementary Figure 6
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Supplementary Figure 6. Skeletal muscle of AWSM showed significantly increased NAD/NADH ratio. The amount of NAD and NADH
was measured in epi fat, liver and skeletal muscle of WTM and AWSM mice (36-weeks old). The ratio of NAD/NADH was calculated and

presented in the right panel. *, P<0.05 compared with WTM control group (n=5).



Supplementary Figure 7
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Supplementary Figure 7. Ageing-dependent biotin accumulation in adipose tissue was alleviated in AWSM. Tissue extracts from
epididymal fat, liver and skeletal muscle of WTM and AWSM were used for measuring total biotin content using the commercially available
ELISA kits as described in Methods. The results are presented as fold change against the values of 8-weeks old mice. *, P<0.05 compared with
WTM control group (n=3-6).
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NADH was measured in epididymal fat collected from WTM and AWSM at different ages. The ratio of NAD/NADH was calculated

Supplementary Figure 8. The NAD/NADH ratio in adipose tissues of WTM and AWSM was similar. The amount of NAD and
and presented. (n=5)
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Supplementary Figure 9. Biotin contents in epididymal tissue (epi), liver and skeletal muscle of wild type C57BL/6J mice. The
amount of biotin was measured using commercial kit and results calculated against protein content. (n=5)
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Supplementary Figure 10. Chronic supplementation of biotin abolished the differences of glucokinase gene expression between WTM
and AWSM mice. Epididymal adipose (epi), skeletal muscle and liver tissues were collected from vehicle- or biotin-treated WTM and AWSM
mice for quantitative PCR analysis of glucokinase mRNA levels. *, P<0.05 compared with corresponding WTM control group (n=3-5).
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Supplementary Figure 11. Chronic supplementation of biotin abolished the beneficial metabolic effects of adipose SIRT1 in AWSM.
Intraperitoneal glucose tolerance tests (ipGTT) and insulin tolerance tests (ITT) were performed for WIM and AWSM (60-weeks old)

subjected to biotin treatment. Biotin-treated WTM showed significantly higher blood glucose levels after six hours of fasting. *, P<0.05
compared with biotin-treated WTM group (n=10).
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Supplementary Figure 12. Biotin supplementation reduced adipose SIRT1 activity. Epididymal fat was isolated from WTM and AWSM
treated with vehicle or biotin. (A) SIRT1 activity was measured in tissue lysates using commercial assay kits as described in Methods. (B)
Proteins (100 pg) were separated by SDS-PAGE and subjected to Western blotting using antibodies against SIRT1 (human and murine) and
acetylated histone H4 (K5, K8, K12, K16). Beta actin was probed as loading control. *, P<0.01 compared with vehicle-treated AWSM (n=6)
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Supplementary Figure 13. Biotin inhibited SIRT1-mediated regulation of ACC protein expression. (A) The protein abundance of
ACCf was evaluated in 3T3-L1 cells co-transfected pcDNA-BCCP, together with pcDNA, pcDNA-hSIRT1 or pcDNA-hSIRT1(H363Y).
Cells were treated with vehicle or biotin (10 nM). Anti-Flag antibody was used for detecting ACCf by Western blotting. (B)
Immunoprecipitation was performed in 3T3-L1 cells overexpressing hSIRT1 and/or ACCf, using antibodies against c-myc tag. The
presence of SIRT1 in the immuno-complex was probed with specific antibodies recognizing both murine and human SIRT1. (C) Acetylated
histone H4 was detected by Western blotting in 3T3-L1 adipocytes treated with increasing concentrations of biotin.
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Supplementary Figure 14. Biotin and biotinyl-5’-AMP acted as competitive inhibitors of SIRT1. Left: SIRT1 activity was measured
in the presence of different concentrations of NAD* and/or biotin. Right: SIRT1 activity was measured in the presence of different
concentrations of NAD* and/or biotinyl-5’-AMP. Data are shown as Lineweaver-Burk double-reciprocal plots of arbitrary fluorescence

units (AFU) min! versus 1/[NAD*] (uM™).



Supplementary Figure 15
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Supplementary Figure 15. Docking model (lowest-energy) for the binding of biotinyl-5’-AMP with Sir2 homologue (ribbon form,
yellow). Biotinyl-5’-AMP (thick ball and stick format, blue for N, red for O, and white for C) occupies the binding pocket of NAD* (thin
ball and stick format, blue). Green ribbon represents the pS3 peptide (the acetyl-lysine residue is shown in red wire format).



Supplementary Figure 16
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Supplementary Figure 16. The mRNA expression levels of biotinidase, holocarboxylase synthetase (HCS), sodium-dependent
multivitamin transporter (SMVT), acetyl CoA carboxylase alpha (ACCa) and ACCP in adipose tissues of AWSM were not

significantly different from those of WTM. RNA was extracted from epididymal fat of WITM and AWSM. Quantitative PCR was

performed for comparing the mRNA expression levels of the above genes. (n=5)



	ajtr1305003.pdf
	Combined_supporting_info

