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Abstract Sirt1, a NAD+-dependent histone deacetylase,

may regulate senescence, metabolism, and apoptosis. In

this study, primary pig preadipocytes were cultured in

DMEM/F12 medium containing 10% fetal bovine serum

(FBS) with or without reagents affecting Sirt1 activity. The

adipocyte differentiation process was visualized by light

microscopy after Oil red O staining. Proliferation and

differentiation of preadipocytes was measured using

methylthiazolyldiphenyl-tetrazolium bromide (MTT) and

Oil red O extraction. Expression of Sirt1, FoxO1, and

adipocyte specific genes was detected with semi-quantitive

RT-PCR. The results showed that Sirt1 mRNA was widely

expressed in various pig tissues from different develop-

mental stages. Sirt1 mRNA was expressed throughout the

entire differentiation process of pig preadipocytes. Resve-

ratrol significantly increased Sirt1 mRNA expression, but

decreased the expression of FoxO1 and adipocyte marker

gene PPARc2. Resveratrol significantly inhibited pig

preadipocyte proliferation and differentiation. Nicotin-

amide decreased the expression of Sirt1 mRNA, but

increased the expression of FoxO1 and adipocyte specific

genes. Nicotinamide greatly stimulated the proliferation

and differentiation of pig preadipocytes. In conclusion,

these results indicate that Sirt1 may modulate the prolif-

eration and differentiation of pig preadipocytes. Sirt1 may

down-regulate pig preadipocytes proliferation and differ-

entiation through repression of adipocyte genes or FoxO1.
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Introduction

Adipocyte is an important mediator in many physiologic

and pathologic processes regarding energy metabolism [1].

Change in adipocyte number is achieved through a com-

plex interplay between proliferation and differentiation of

preadipocytes [2]. It is a highly controlled process under

the influence of various hormones, cytokines and nutrients,

and exerts pleiotropic (including endocrine) functions [3].

Once dysregulation of adipocyte proliferation and differ-

entiation, it causes obesity, lipoatrophy [2], cardiovascular

disease, noninsulin-dependent diabetes mellitus [1], and a

decrease in animal meat quality. Thus, the study on adi-

pocyte development has become an area of intense research

in recent years.

The silent information regulator 2 (Sir2) is a highly con-

served nicotinamide adenine dinucleotide (NAD)-dependent

histone deacetylase that has been shown to modulate

organism life span in many species [4, 5]. In mammals, there

are seven members of the Sir2 family, termed sirtuins

(SIRTs), among which Sirt1 is the closest homolog of yeast

Sir2 protein [6, 7]. Sirt1 is primarily located in the nucleus

and shares the catalytic domain with Sir2 [8]. In addition to

histone, Sirt1 also deacetylates other proteins, including

Forkhead transcription factors FOXO,MyoD, and the tumor

suppressor p53, PGC-1a [9–14]. Thus, Sirt1 can monitor

cellular metabolism and exert corresponding effects on gene

expression. The phenotype of sir2a null animals suggests

that the SIR2a protein is essential for normal embryogenesis
and for normal reproduction in both sexes [15]. Several

studies showed that Sirt1 is a key regulator of cell defenses
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and survival in response to stress [9, 10]. Luo et al. reported

that human Sirt1 represses p53-dependent apoptosis in

response to DNA damage and oxidative stress [12]. Mean-

while, Sirt1 deacetylates and represses FoxO1-dependent

apoptosis [9]. Brunet et al. found that Sirt1 increases the

ability of FOXO3 to induce cell cycle arrest and resistance to

oxidative stress, but inhibited the ability of FOXO3 to induce

cell death [10]. In addition, Sirt1 can promote fat mobiliza-

tion in white adipocytes by repressing PPAR-c [16].

Activation of Sirt1 decreases adipocyte formation during

osteoblast differentiation of mesenchymal stem cells [17]. It

was recently hypothesized that Sirt1 might be a candidate

linking reduced adiposity to lifespan [18]. In pancreatic b
cells, Sirt1 promotes insulin secretion and improves content

of blood glucose by repressing UCP2, which implies that

activation of Sirt1 is helpful for therapy of type 2 diabetes

[19]. Thus, scientists proposed that Sirt1 might be a target

protein to prevent and control human obesity and related

diseases [20, 21]. Due to its important relationship with cell

development, senescence, apoptosis, and metabolism, Sirt1

has been the subject ofmany research studies in recent years.

Animal models of human diseases have always played a

central role in biomedical research for the exploration and

development of new therapies. Compared with other ani-

mal models (e.g., mouse and rabbit), pig models offer

many advantages including close similarity to human

physiological characteristic (cardiovascular anatomy and

function, metabolism, lipoprotein profile, size, tendency to

obesity), genetic modulation of growth and fat deposition,

and pathologic reaction response to high-energy intake

[22–24]. Similar results have also been found in the Guinea

pig [25]. Fernandez reported that Guinea pig could be as

models to study hepatic cholesterol and lipoprotein

metabolism [25]. In addition, miniature pig can success-

fully be applied to research in reproduction, transgenesis,

epidermal, and neural stem cell [26]. Therefore, pigs are

the optimal model animals in biomedical research.

We found rarely reports about pig Sirt1 in the literature.

The existence of Sirt1 in pigs and its role in adipocyte

development is unknown at present. Therefore, this article

will focus on the expression of Sirt1 in pigs and its effect

on the proliferation and differentiation of pig preadipo-

cytes. The results of this study will provide important

information regarding the control of fat deposition in pigs

as well as biomedical research.

Materials and methods

Reagents

Resveratrol, nicotinamide, and Oil red O were purchased

from Sigma (America). DMEM/F12 and collagenase (type

I ) were purchased from Gibco (America). Fetal bovine

serum (FBS) was obtained from Hangzhou Sijiqing Bio-

logical Engineering Materials Co., Ltd. (Hangzhou, China).

Methylthiazolyldiphenyl-tetrazolium bromide (MTT) was

bought from Beyotime Biotechnology Inst (China). TRIzol

Reagent was obtained from BioTeke Biotechnologies Inc.

(Beijing, China). Both RevertAidTM First Strand cDNA

Synthesis Kit and Taq DNA Polymerase were bought from

MBI Fermentas. dNTP was purchased from TaKaRa Bio-

technology (Dalian, China) Co., Ltd. The primers of Sirt1,

FoxO1, PPARc2, CEBPa, aP2, and LPL were synthesized

by Shanghai Sangon Biological Engineering Technology &

Services Co., Ltd. (Shanghai, China).

Collection of animal tissue samples

Ten healthy male crossbred (Duroc · Seghers) piglets

(3-day-old) and ten male crossbred (Duroc · Seghers)

adult pigs (180-day-old) were provided by the Northwest

A&F University experiment farm and Ge Runer Bright

Livestock Company (Yangling, China). All pigs were

handled in accordance with the guidelines of Northwest

A&F University Animal Care Committee. Heart, liver,

lung, kidney, muscle, subcutaneous adipose and visceral

adipose were isolated, collected, quickly frozen in liquid

nitrogen, and stored at –70�C for later use.

Pig primary preadipocytes in vitro culture

Subcutaneous adipose tissue was collected from the neck

and back of the piglets and rinsed with serum-free med-

ium (DMEM/F12 medium supplemented with 15 mM

NaHCO3, 50 U penicillin/ml and streptomycin). The tis-

sue mass was cut with scissors into approximately 1 mm3

sections under sterile-free condition and digested with

type I collagenase (DMEM/F12 + 20 g/l BSA+1 g/l I

type collagenase) for about 60–90 min at 37�C in a

shaking water bath. Then, DMEM/F12 medium contain-

ing 10% FBS was added to stop digestion. The solution

was passed through 200-lm nylon filters to remove

undigested tissue and large cell aggregates and then

centrifuged at 2,000 rpm for 5 min to separate the floating

adipocytes from the pellet of stromal-vascular cells. The

pellet was washed twice with serum-free medium. After

washing, stromal-vascular cells were resuspended in

DMEM/F12 medium containing 10% FBS and counted

with hemacytometry. Finally, cells were seeded in culture

plates at a density of 5 · 104 cells/cm2 and cultured at

37�C in a humidified atmosphere containing 5% CO2. The

medium was changed every second day.
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MTT method

Methylthiazolyldiphenyl-tetrazolium bromide (5 mg/ml)

was dissolved in PBS (0.01 M, PH 7.4) and stirred in

constant temperature magnetic stirrer for 30 min. Then, it

was passed through 0.22-lm microfiltration membrane to

remove bacteria and kept for no more than 2 weeks at –

4�C. Preadipocytes were seeded in 96-well culture plates at
a density of 104/cm2 and then 200-ll DMEM/F12 medium

containing 10% FBS was added to each well. Resveratrol

of 0 lM, 10 lM, 20 lM, 50 lM, 100 lM, and nicotin-

amide of 0 lM, 100 lM, 200 lM, 300 lM, 400 lM,

500 lM were added to medium when cells were cultured

for 24 h. After the specific time, one cell culture plate was

taken out for MTT. We added 20 ll MTT reagents to each

well and then cultured the cells for 4 h. Afterwards, the

medium was removed and 150 ll DMSO was added to

each well to dissolve formazan. The 96-well culture plate

was agitated for 10 min on a shaker. Finally, a well with

DMSO but without cells was used to adjust zero and the

OD value of each well was detected at 490 nm by type of

DG5031 ELISA Reader (Medical Equipment Co., Ltd.,

Huadong Electronics Group, Nanjing, China).

Oil red O staining

Preadipocytes were seeded in 24-well culture plates at a

density of 5 · 104/cm2. Resveratrol of 0 lM, 10 lM,

20 lM, 50 lM, 100 lM, and nicotinamide of 0 lM,

100 lM, 200 lM, 300 lM, 400 lM, 500 lM were added

to medium when cells were confluent and began to dif-

ferentiate. After the specific time, cell culture plates for Oil

red O staining were taken out and the medium was

removed. Cells were washed three times with PBS and

fixed with 10% formaldehyde for 30 min at room tem-

perature. After washing three times with PBS, cells were

stained with 1% filtered Oil red O for 8 min at room

temperature. Then, Oil red O solution was removed and the

cells were immediately destained with 60% isopropanol

solution for 10–20 s. Finally, the nuclei were restained

with hematoxylin for 1 min and cells were gently washed

with tap water. Red stained adipocytes were examined with

light microscopy.

Oil red O extraction

The steps for Oil red O extraction were similar to the

described above for Oil red O staining. Cells were washed

three times with PBS and fixed with 10% formaldehyde for

30 min at room temperature. After washing with PBS three

times, the cells were stained with 1% filtered Oil red O for

40 min at room temperature. Then, Oil red O solution was

removed and the cells did not need to be washed. Intra-

cellular triglyceride levels in the cells were agitatedly

extracted with 100% isopropanol solution of 2,000 ll for
15 min in Shaker. Finally, a hole with DMSO was used to

adjust zero and OD value of each hole was detected in

500 nm using type of UV-2102 PC ultraviolet spectro-

photometer (Unico Instrument Co., Ltd., Shanghai, China).

RT-PCR analysis

Total RNA was extracted from different tissues with Trizol

Reagent. According to method recommended by Fermentas

RevertAidTM First Strand cDNA Synthesis Kit #K1621,

Table 1 The specific primers for genes in polymerase chain reaction

Genes Primers (50-30) Product sizes (bp) Annealing temperature (�C) Cycle times

Sirt1 S: GAACAGGTTGCGGGAATC 553 53.5 30

A: AACATGAAGAGGTGTGGGTG

FoxO1 S: GCCGTGCTACTCGTTTGC 467 54.1 30

A: CTTGGGTCAGGCGGTTC

PPARc2 S: AGACCCAGAAAGCGATGC 595 56.1 30

A: CCTGATGGCGTCGTTATGAGACA

C/EBPa S: GGTGGACAAGAACAGCAACG 388 54.3 28

A: AGGCACCGGAATCTCCTAGT

aP2 S: GACAGGAAAGTCAAGAGCACC 226 53.2 28

A: GGGACAATACATCCAACAGAG

LPL S: AACTTGTGGCTGCCCTAT 368 52 28

A: TGACCCTCTGGTGAATGTG

b-actin S: ACTGCCGCATCCTCTTCCTC 399 56.8 26

A: CTCCTGCTTGCTGATCCACATC
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First cDNA strand was synthesized and the final volume

was 20 ll, including 5 ll total RNA, random hexamer

primer 1 ll, DEPC-treated water 6 ll, 5 · reaction buffer

4 ll, RiboLockTM Ribonuclease Inhibitor (20 U/ll) 1 ll,
10 mM dNTP mix 2 ll, RevertAidTM M-MuLV Reverse

Transcriptase (200 U/ll) 1 ll. All PCR primers were

designed using Primer 5.0 Software (Table 1), among

which the PCR primer for Sirt1 was designed according to

the human Sirt1 gene sequence (NM_012238) from Gen-

Bank. b-actin was determined as a control for loading. PCR
system was 25 ll, containing 15.75 ll sterile, dI water,
2.5 mmol/l dNTP Mix of 2 ll, 2.5-ll PCR buffer

(NH)2SO4, 25 mmol/l MgCl2 of 1.5 ll, cDNA of 1 ll,
25 lmol/l Primer I of 0.5 ll, 25 lmol/l Primer II of 0.5 ll,
0.5 U/ll Taq DNA Polymerase of 1.25 ll. PCR condition

was as follows: 95�C 6 min, 94�C 45 s, 50–60�C 1 min,

72�C 1 min, 26–30 cycle, 72�C 10 min, 4�C 10 min. PCR

amplification was performed in PTC-200 DNA engine.

After mixture of 2.5 ll PCR product with a little of bro-

mophenol blue, 1% agarose gel electrophoresis contained

EB was proceeded. Meanwhile, DNA Marker 2000 was

added to determine the size of product band. The electro-

phoresis bands were taken photo using Wealtec Gel Image

Formation System and analyzed by Dophin-1D Gel Anal-

ysis software.

Statistical analysis

All data were obtained from one independent experiment

carried out in triplicate. Main and interactive effects were

analyzed by One-Way ANOVA using SPSS11.5 software.

When justified by One-Way ANOVA, differences between

individual group means were analyzed by Fisher’s PLSD

test. Differences were considered statistically significant at

P\ 0.05.

Results

Expression of Sirt1 mRNA in various pig tissues

at different developmental stages

The Sirt1 cDNA sequence of pigs has not been reported. In

order to confirm the existence and expression profile of

Sirt1 in pigs, a specific primer for Sirt1 was designed based

on the human Sirt1 gene sequence (NM_012238) from

GenBank. The partial cDNA sequence of Sirt1 (530 bp) in

pig was cloned and GenBank number was DQ868430.

Clustal W software analysis showed that Sirt1 had 94%,

90%, 88% homolog with human, rat, and mouse (Data was

not shown). Total RNA was extracted from the heart, liver,

lung, kidney, spleen, muscle, subcutaneous adipose and

visceral adipose of piglets and adult pigs. Sirt1 mRNA

expression was detected by RT-PCR. The electrophoresis

bands of Sirt1 and b-actin were changed into OD value by

Dophin DOC data change system. The ratio of Sirt1 and

b-actin OD value was termed as Sirt1 relative mRNA

expression. Analysis indicated Sirt1 mRNA was widely

expressed in the heart, liver, lung, kidney, spleen, muscle,

subcutaneous and visceral adipose of piglets and adult pigs

(Figs. 1A and 2A). For piglets, Sirt1 mRNA was most

Fig. 1 Expression of Sirt1 in different tissues from 3-day-old pigs.

Total RNA of various tissues was isolated and subjected to SQ RT-

PCR analysis. (A) Representative ethidium bromide stained gels of

target products as well as b-actin in the same sample. (B) Sirt1 mRNA
abundance assigned as a ratio to b-actin mRNA. The results are

represented as means ± S.E. of three independent determinations.

Different letters indicate significantly differences (P\ 0.05)

132 Mol Cell Biochem (2008) 307:129–140

123



abundant in lung, kidney and spleen tissue and least

abundant in skeletal muscle and subcutaneous adipose

(Fig. 1B). For adult pigs, Sirt1 mRNA was highly

expressed in kidney and spleen tissue, and least expressed

in heart tissue. Furthermore, Sirt1 mRNA expression was

significantly different between subcutaneous adipose and

visceral adipose (P\ 0.05) (Fig. 2B). This suggested that

Sirt1 is not only existed in pig but also widely expressed in

various tissues from pigs of different developmental stages,

speculating that Sirt1 may be involved in multiple activities

in pig and exerts different effects in various tissues.

Time-spatial expression of Sirt1 mRNA during

adipocyte differentiation in pig

After confirming the existence of Sirt1 in pig adipose, we

next investigated the time-spatial expression of Sirt1

mRNA in pig adipocytes under normal and stimulated

conditions. Resveratrol, a polyphenol found in red wine,

was chosen as an activator of Sirt1 [27]. When preadipo-

cyte density reached to nearly 80%, 100 lM resveratrol

was added to the medium and cultured for 1, 2, 3, 4, or

5 days. RT-PCR analysis indicated that Sirt1 mRNA was

expressed in preadipocytes before and after differentiation

(Fig. 3A). Under normal conditions, the expression of Sirt1

Fig. 2 Expression of Sirt1 in different tissues from 180-day-old pigs.

Total RNA of various tissues was isolated and subjected to SQ RT-

PCR analysis. (A) Representative ethidium bromide stained gels of

target products as well as b-actin in the same sample. (B) Sirt1 mRNA
abundance assigned as a ratio to b-actin mRNA. The results are

represented as means ± S.E. of three independent determinations.

Different letters indicate significantly differences (P\ 0.05)

Fig. 3 The time-spatial expression of Sirt1 in pig adipocytes.

Preadipocytes were treated with or without 100 lM resveratrol for

1, 2, 3, 4, or 5 days. Total RNA was isolated and subjected to SQ RT-

PCR analysis. (A) Representative ethidium bromide stained gels of

target products as well as b-actin in the same sample. (B) Sirt1 mRNA
abundance assigned as a ratio to b-actin mRNA. The results are

represented as means ± S.E. of three independent determinations
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mRNA gradually increased, reached a peak at 4 days after

differentiation, and then declined steadily. Resveratrol

stimulation had a significant effect on Sirt1 mRNA

expression. Specifically, Sirt1 mRNA expression in the

resveratrol treatment was significantly higher than normal

group 2 and 3 days after differentiation (P\ 0.01). Sirt1

mRNA expression in the resveratrol-treated adipocytes

peaked at 3 days after differentiation and then declined

significantly (Fig. 3B). On day 5 after differentiation, Sirt1

mRNA expression was lower than the normal group,

mainly due to cell apoptosis or death of adipocytes which

occurred after extended treatment with resveratrol. These

results indicated that Sirt1 mRNA expression was highest

at the middle stage of adipocyte differentiation and could

be strongly activated by resveratrol. This suggests that

Sirt1 may be involved in adipocyte development.

Effects of compounds regulating Sirt1 activity

on the proliferation of pig preadipocytes

Methylthiazolyldiphenyl-tetrazolium bromide, a simple,

quick, and accurate method to detect cell viability, has

been widely used to check cell proliferation and multiple

biological medicines. In this study, resveratrol was used as

an activator and nicotinamide was used as an inhibitor of

the Sirt1 protein. To study how Sirt1 influenced the pro-

liferation of pig preadipocytes, resveratrol (0 lM, 10 lM,

20 lM, 50 lM, and 100 lM) and nicotinamide (0 lM,

100 lM, 200 lM, 300 lM, 400 lM, 500 lM) were added

to medium. Cells were detected by MTT method at the

specific time. Under resveratrol stimulation, the OD

value of each treated group was lower than control group.

Preadipocyte proliferation was significantly reduced in

the 50- and 100-lM resveratrol treatments at day 4 and 5

(P\ 0.01) (Fig. 4A). This indicated that high concentra-

tions of resveratrol over a long period could inhibit the

proliferation of pig preadipocytes. In contrast to resvera-

trol, OD values were higher in the nicotinamide treatment

compared to the control. Preadipocyte proliferation in the

300 lM nicotinamide was significantly higher at different

treatment time (P\ 0.01) (Fig. 4B). These results showed

that nicotinamide could promote proliferation of pig pre-

adipocytes. The above findings strongly suggested that

compounds affecting Sirt1 activation influenced pig prea-

dipocyte proliferation during the adipogenesis process.

Effects of compounds affecting Sirt1 activity

on the differentiation of pig preadipocytes

Adipogenesis is a highly regulatory process. Preadipocyte

proliferation and differentiation into mature adipocytes

occur in a series of stages. We were interested to determine

if agents known to regulate Sirt1 activity could influence

pig preadipocyte differentiation in vitro. Thus we treated

preadipocytes with resveratrol and nicotinamide at differ-

entiation and then cultured the cells. Afterward, the cells

were stained with Oil red O and the size and number of

adipocytes were determined visually by light microscope.

Through Oil red O staining, we could see that preadi-

pocytes in the control group differentiated into mature

Fig. 4 Pig preadipocytes were treated with 0 lM, 10 lM, 20 lM,

50 lM, and 100 lM resveratrol or 0 lM, 100 lM, 200 lM, 300 lM,

400 lM, and 500 lM nicotinamide for different days, and then

analyzed with MTT to test the effect of these chemicals on the

proliferation of pig preadipocytes. The results are represented as

means ± S.E. of three independent determinations. Different letters

indicate significant differences (P\ 0.05)
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adipocytes, which were large, round, and filled with fat

droplets. In comparison, there were significantly fewer fat

droplets in adipocytes in the 50- and 100-lM resveratrol

treatments. Both the size and number of fat cells decreased

in the resveratrol treatment compared to the control

(Fig. 5). Results from Oil red O extraction showed that TG

content notably decreased in the 50- and 100-lM resve-

ratrol treatments compared to the control and 10-lM
resveratrol treatments (P\ 0.01) (Fig. 6). This suggested

that high resveratrol concentrations could decrease the fat

content in cells and effectively inhibit preadipocyte dif-

ferentiation into adipocyte.

After Oil red O staining, we observed that both the

number and size of fat cells were significantly increased in

the 200- and 300- lM nicotinmaide treatments compared to

the control. Moreover, the number of bright red fat droplets

in adipocytes treated with nicotinamide increased (Fig. 7).

After analysis of Oil red O extraction, it was found that the

OD value of the nicotinamide-treated group was higher

than control group. Among the treatments, 200- and 300-

lM of nicotinamide significantly induced the differentia-

tion of preadipocyte into adipocyte compared to control

group (P\ 0.01) (Fig. 8). This showed that nicotinamide

increased the TG content in fat cells and stimulated pig

preadipocyte differentiation into mature adipocytes.

Analysis of Sirt1, FoxO1, and adipocyte markers

in primary pig preadipocytes

To explore the molecular mechanism of compounds that

affected Sirt1 function in regulating proliferation and dif-

ferentiation of pig preadipocytes, we analyzed the

expression of Sirt1, target FoxO1 and adipocyte markers

with semi-quantitive RT-PCR. Adipocyte genes were

PPARc2, CEBPa, aP2, and LPL. The target gene for Sirt1
was FoxO1. Adipocytes were cultured for 72 h in medium

Fig. 5 Effects of resveratrol on

pig preadipocyte differentiation.

Predipocytes were treated with

0 lM, 10 lM, 50 lM, and

100 lM resveratrol for 4 days,

and then visualized by Oil red O

staining (·200). Lipid droplets
were stained bright red.

(A) Control group; (B) 10 lM
resveratrol; (C) 50 lM
resveratrol; (D) 100 lM
resveratrol

Fig. 6 Pig preadipocyte differentiation was inhibited by resveratrol.

Predipocytes were treated with 0 lM, 10 lM, 20 lM, 50 lM, and

100 lM resveratrol for 4 days, and then analyzed by Oil red O

extraction. The results are represented as means ± S.E. of three

independent determinations. Different letters indicated significant

differences (P\ 0.05)
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with or without resveratrol and nicotinamide, then total

RNA was isolated from the cells and genetic expression

was analyzed by RT-PCR. Expression of target and marker

genes was normalized to the expression of b-actin. Adi-
pocytes treated with 100 lM resveratrol significantly

activated Sirt1 mRNA expression (P\ 0.01), while FoxO1

mRNA expression was significantly diminished compared

with the control group (P\ 0.01). Among adipocytes

markers, only the expression of PPARc2 mRNA was

apparently down-regulated (P\ 0.01). However, the

expression of CEBPa, aP2, and LPL mRNA was nearly

unchanged (Fig. 9). This hints that Sirt1 may be closely

related to PPARc2. Under stimulation of 300 lM nicotin-

amide, Sirt1 mRNA expression was significantly decreased

(P\ 0.05) compared to control group. Correspondingly,

the expression of FoxO1, PPARc2, and C/EBPa mRNA

was significantly up-regulated (P\ 0.01), while aP2 and

LPL mRNA expression generally increased (P\ 0.05)

(Fig. 10). This Sirt1-affecting compounds could/might

influence the proliferation and differentiation of pig

preadipocytes.

Discussion

Sirtuins are phylogenetically conserved in eukaryotes,

prokaryotes, and Archeal species [28]. Sirt1, a member of

class I sirtuins, is an NAD+-dependent histone deacetylase

first found in humans in 1999 [6, 7]. In addition to histone,

Sirt1 has many substrates. FOXO transcription factors

might be direct substrates of Sirt1. In mammals, there are

four evolutionarily conserved FOXO family members

(FOXO1, FOXO3, FOXO4, and FOXO6) that are nega-

tively regulated by the insulin phosphoinositide- 3 kinase

(PI3K)–Akt signaling pathway [29–31], among which

Fig. 7 Effects of nicotinamide

on differentiation of pig

preadipocyte. Predipocytes were

treated with 0 lM, 100 lM,

300 lM, and 500 lM
nicotinamide for 6 days, and

then visualized by Oil red O

staining (·200). Lipid droplets
stained bright red. (A) Control
group; (B) 100 lM
nicotinamide; (C) 300 lM
nicotinamide; (D) 500 lM
nicotinamide

Fig. 8 Differentiation of pig preadipocytes was promoted by nico-

tinamide. Predipocytes were treated with 0 lM, 100 lM, 200 lM,

300 lM, 400 lM, and 500 lM nicotinamide for 6 days, and then

analyzed by Oil red O extraction. The results are represented as

means ± S.E. of three independent determinations. Different letters

indicate significant differences (P\ 0.05)
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FOXO1 is closely related to glycolysis, lipogenesis, and

insulin action [32–34]. Real-time RT-PCR analysis indi-

cates that Foxo1 is the most abundant Foxo isoform in

murine white and brown adipose tissue [35].

The diversity of substrates is reflected in the various

biological activities that SIRTs exert, including develop-

ment, metabolism, apoptosis, and heterochromatin

formation. Sirt1 is widely expressed in fetal and adult tis-

sues, and is especially abundant in early embryogenesis

and germocyte [6]. Cohen et al. reported that compared to

expression in ad libitum rats, Sirt1 expression was higher in

many tissues of the caloric restricted rats, including brain,

visceral fat pads, kidney, and liver tissue [36]. Michishita

et al. found through real time PCR that Sirt1 is abundant in

human embryonic brain and adult brain tissue [37].

Previous studies have focused on the Sirt1 expression in

humans and rats. As a medical animal model, Sirt1

expression in pigs has been rarely reported. The results

Fig. 9 Up-regulation of Sirt1 mRNA expression and down-regula-

tion of FoxO1 and PPARc2 mRNA expression by resveratrol.

Preadipocytes were cultured with or without 100 lM resveratrol for

72 h. Total RNA was isolated and subjected to SQ RT-PCR analysis.

(A) Representative ethidium bromide stained gels of target products

as well as b-actin in the same sample. (B) Sirt1, FoxO1, PPARc2,

CEBPa, aP2, and LPL mRNA abundance assigned as a ratio to b-
actin mRNA. The results are represented as means ± S.E. of three

independent determinations. Single asterisk indicates a statistical

difference (P\ 0.05). Double asterisk indicates a statistical differ-

ence (P\ 0.01)

Fig. 10 Down-regulation of Sirt1 mRNA expression and up-regula-

tion of FoxO1, PPARc2, CEBPa, aP2, and LPL mRNA expression by

nicotinamide. Preadipocytes were treated with or without 300 lM
nicotinamide for 72 h. Total RNA was isolated and subjected to SQ

RT-PCR analysis. (A) Representative ethidium bromide stained gels

of target products as well as b-actin in the same sample. (B) Sirt1,

FoxO1, PPARc2, CEBPa, aP2, and LPL mRNA abundance assigned

as a ratio to b-actin mRNA. The results are represented as

means ± S.E. of three independent determinations. Single asterisk

indicates a statistical difference (P\ 0.05). Double asterisk indicates

a statistical difference (P\ 0.01)
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from this study found that Sirt1 mRNA was widely

expressed in multiple pig tissues, including heart, liver,

kidney, spleen, skeletal muscle, and adipose tissue. This

agrees with studies of other animal species and indicates

that Sirt1 was evolutionally conserved in history and may

be involved in the regulation of such biological processes

as adipogenesis, endocrine signaling, and glucose and lipid

metabolism in pigs. The specific mechanism for the regu-

lation of these processes remains to be identified.

Resveratrol (3, 5, 4 0 –trihydroxystilbene) is a poly-

phenol compound found in grapes and grape products, such

as red wine. It possesses the ability to scavenge oxid-

ativelygenerated free radicals and it exhibits cancer

preventative properties [38, 39]. In yeast, resveratrol

mimics caloric restriction by stimulating Sir2, increasing

DNA stability and extending lifespan by 70% [27]. In

mammals, resveratrol can enhance Sirt1-dependent cellular

processes such as axonal protection [40], fat mobilization

[16], and inhibition of NF-jB-dependent transcription [41].
It increases Sirt1 activity by as much as 8-fold, lowering

the Km value for acetylated substrate and to a much lesser

extent that of NAD [27]. Dose–response experiments

showed that resveratrol doubled the rate of deacetylation

by Sirt1 at about 11 lM and was saturated at 100–200 lM
[27]. In this study, resveratrol was chosen as an activator of

Sirt1 in pig adipocytes. It was found that resveratrol could

significantly increase the expression of Sirt1 mRNA as

measured by RT-PCR. Moreover, analysis of MTT and Oil

red O extraction showed that 100 lM resveratrol greatly

inhibited proliferation and differentiation of pig preadipo-

cytes. Thus, we used 100 lM of resveratrol as the optimal

concentration.

Nicotinamide, a form of vitamin B3 [42] and a product of

sirtuin catalyzed deacetylation, is a strong noncompetitive

inhibitor of yeast Sir2 and human Sirt1 activity, both in

vitro and in vivo [43]. The degree of inhibition by nico-

tinamide (IC50\ 50 lM) is equal to or better than the most

effective known synthetic inhibitors of this class of proteins

[43]. High doses of nicotinamide and its acid derivative,

nicotinic acid, are often used interchangeably to self-treat a

number of conditions including anxiety, osteoarthritis,

psychosis, cancer, and type I diabetes [44]. We found that

nicotinamide significantly promoted pig preadipocyte pro-

liferation and differentiation. The optimal concentration of

nicotinamide was 300 lM. Otonkoski et al. found that

nicotinamide induces human fetal islet cell differentiation

and mature [45]. Vaca et al. reported that nicotinamide

induces both proliferation and differentiation of embryonic

stem cells into insulin-producing cells [46]. This shows that

in living organisms nincotinamide has multiple roles of

which the molecular mechanisms remain unknown.

Preadipocytes are derived from adipose tissue-derived

stem cells (ADSCs). Adipocyte differentiation in vitro

systems using various preadipose cell lines and primary

preadipocytes shows that a dissection of the molecular and

cellular events takes place during the transition from

undifferentiated fibroblast-like preadipocytes into a mature

round fat cell. This process includes four stages: growth

arrest; clonal expansion; early change in gene expression;

late events and terminal differentiation [47]. As with pri-

mary human, mouse and rat preadipocyte and cell lines,

primary pig preadipocytes also went through proliferation

and differentiation into adipocytes with lipid droplets in

vitro. It has been demonstrated that PPARc2, C/EBPa, aP2,
and LPL all are prominent adipocyte marker genes. Among

them, PPARc2 and C/EBPa play a key role in the complex
transcriptional cascade during adipogenesis, and have been

shown to regulate, directly or indirectly, the gene expres-

sion necessary for the development of mature adipocytes

[1].

Sirt1 mRNA was found to be widely expressed

throughout the entire differentiation process of pig pre-

adipocytes, and abundant in middle term after adipocyte

differentiation. Furthermore, compounds affecting Sirt1

activation significantly influenced pig preadipocyte prolif-

eration and differentiation. This suggests that Sirt1 plays an

important role during pig adipocyte development. How-

ever, the molecular mechanism for the regulation of pig

preadipocyte development by Sirt1 is unclear. Sirt1

represses skeletal muscle differentiation by down-regulat-

ing the expression of muscle transcriptional regulators,

such as MyoD and MEF2 in C2C12 cell lines and human

primary skeletal muscle [11]. Picard et al. pointed out that

Sirt1 promoted fat mobilization in fully differentiated

adipocytes and also attenuated development of adipocytes

from preadipocytes in 3T3-L1 adipocytes, which might be

by repressing PPAR-c by docking with its cofactors NCoR
and SMRT [16]. Likewise, we found that the expression of

Sirt1 mRNA in pig preadipocytes increased significantly

while FoxO1 and PPARc2 mRNA notably decreased after

treatment with 100 lM of resveratrol for 72 h. After

treatment with 300 lM of nicotinamide, expression of

Sirt1 mRNA decreased significantly while FoxO1 and

adipocyte genes PPARc2, C/EBPa, aP2, and LPL mRNA

increased. This implied that modulation of Sirt1 activity on

pig preadipocyte development is closely related to adipo-

cyte specific genes and target FoxO1. Previous research

demonstrated that Sirt1 has a close relationship with

FOXO, a transcription factor that is downstream of the IGF

signaling system. Sirt1 binds and deacetylates FOXO, and

mediates FOXO-induced transcription in mammalian cells.

FOXO has a feedback effect on Sirt1 activity [48].

Meanwhile, FoxO1 plays an important role during adipo-

cyte development. Nakae et al. demonstrated that Foxo1

functions in adipose cells to couple insulin signaling to

adipogenesis, which involves switching preadipocytes from
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proliferation to terminal differentiation [35]. Armoni et al.

indicated that repression of PPARc2 gene promoters by

FOXO1 leads to GLUT4 up-regulation, subsequently

resulting in enhanced glucose transport and cellular insulin

sensitivity in primary rat adipocytes [49]. It has been

shown that Sirt1 stimulates IGFBP-1 promoter activity

through FoxO-dependent mechanisms in HEK293 cells

[50]. The loss of Sirt1 protein in mice results in increased

expression of the IGF binding protein IGFBP1, a secreted

modulator of IGF function [51]. Han et al. showed that

Sirt1 controls self-renewal and proliferation of mouse

embryonic stem cells by regulation of p53 localization

through deacetylation of p53 [52]. Long-term inhibition of

Sirt1 by Sirt1 siRNA reduced cell proliferation rate,

whereas long-term overexpression of Sirt1 by a retroviral

vector containing Sirt1 gene enhanced cell proliferation

[52]. The findings are contrary to our results and might be

related to differences in cell types or species.

In summary, we conclude that activation of Sirt1 can

down-regulate the proliferation and differentiation of pig

preadipocytes. Furthermore, we speculate that Sirt1 regu-

lation of pig preadipocyte proliferation and differentiation

might be through one of two mechanisms. First, since Sirt1

mRNA expression is increased by resveratrol and

decreased by nicotinamide, we hypothesize that Sirt1 may

directly control the expression of adipocyte marker genes,

leading to adipocyte development in pigs. Second, since

FoxO1 modulates self-expression, or target gene PEPCK

and IGFBPs, and adipocyte genes PPARc2 to affect the

adipocyte proliferation and differentiation, we suggest that

Sirt1 may indirectly modulate the proliferation and dif-

ferentiation of pig preadipocytes through its effect on the

FoxO1 or FoxO1 target gene. The profound studies on the

role of Sirt1 in pig adipogenesis will be explored in future

work.
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