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Abstract

Obesity is a medical condition of excess body fat negatively influencing morbidity and mortality via

non-communicable disease risks. Adipogenesis, the process of preadipocytes differentiate into adipocytes,

plays a pivotal role in obesity. Our previous study has proved that tannic acid (TA) showed anti-adipogenesis

effect in 3T3-L1 preadipocytes. However, the precise mechanism involved in the inhibition in adipocytes

differentiation by TA is unclear, thus is the subject of the present investigation. In this study, we determined

the effect of TA on different stages of 3T3-L1 preadipocytes differentiation, and found that when treating in

the early stage of differentiation, TA reduced lipid accumulation significantly. However, TA did not reduce

lipid accumulation when treating in mid- and late-stages of adipocyte differentiation. To further study which

gene TA had an impact on in the early stage of differentiation, we identified a number of genes associated

with lipid metabolism. The results showed that compared to control group, the mRNA levels of FAS, C/EBPa,

and PPARy were significantly decreased (p<0.05), while the mRNA levels of adipsin, ap2 were increased

(p<0.05). However, TA had no effect on mRNA levels of ACC1 and ACC2. Western blot results showed that

TA down-regulated the expression of PPARy, which is a major factor in preadipocyte differentiation. In

addition, TA did not affect PI3K/AKT pathway. These results indicate that the anti-adipogenesis effect of TA

involves down-regulation of PPARY in the early stage of 3T3-L1 preadipocyte differentiation. Some potential

limitations of this study should be considered. All the results in this study were based on cell experiments.

However, the human bioavailability of TA is not clear. In the present study, the concentration of TA was 5 uM,

so it was concerned about whether orally intake of TA could reach to the effective concentrations. This

important point needs to be clarified in vivo.

Key words: tannic acid; PPARy; fatty acid synthase; inhibit; 3T3-L1 preadipocyte; lipid accumulation.
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INTRODUCTION

Obesity is a medical condition in which excess body fat has accumulated to the extent that it may have a
negative effect on health, leading to reduced life expectancy and/or increased health problems.' Since
involved in various serious diseases including type 2 diabetes, hypertension, coronary heart disease, apoplexy,
osteoarthritis and cancers, obesity has become a worldwide public health threat.*”

Obesity is resulted from increased adipose tissue mass, which is caused by increased fat-cell numbers
(hyperplasia) and size (hypertrophy), accompanied by the imbalance between energy intake and
expenditure.'® Adipose tissue consists of mature adipocytes, preadipocytes, endothelial cells, macrophages,
fibroblasts, and adiposederived stem cells.'" Preadipocytes are capable to propagate and differentiate into
mature adipocytes, which determine the number of fat cells throughout their entire lifespan.'> Meanwhile, the
size of fat-cell depends on the lipid accumulation in the adipocytes. Therefore, adipose tissue mass can be
reduced by the inhibition of adipogenesis from preadipocytes to mature adipocytes or the prevention of
intracellular lipid accumulation.

Adipogenesis, the differentiation process of preadipocytes into adipocytes, plays a pivotal role in fat
metabolism."* The 3T3-L1 mouse preadipocyte cell line, originally obtained from mouse embryos, has been
commonly used to investigate the molecular mechanism of adipogenesis as an in vitro model system.'* The
3T3-L1 preadipocytes differentiated into adipocytes and express adipocytes-specific genes in the presence of
adipogenic cocktail, containing 3-isobutyl-1-methylxanthine (IBMX), dexamethasone, and insulin."
Peroxisome proliferator-activated receptor y (PPARY), CCAAT/enhancer binding protein o (C/EBPa) are the
major transcription factors expressed during adipogenesis in 3T3-L1 preadipocytes.'® 7 These major
transcription factors together activate the expression of adipocyte-specific genes including adipsin, adipocyte

fatty acid-binding protein 2 (aP2), Acetyl-CoA carboxylase 1 (ACC1), ACC2, and fatty acid synthase (FAS)
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in adipogenesis.

In our previous study, we found that tannic acid (TA) could reduce lipid accumulation of 3T3-L1 adipocytes
dose-dependently. Moreover, TA showed strong capability of inactivating FAS with the half maximal
inhibitory concentration (ICsp) value of 0.14 pM.?' However, the precise mechanisms involved remain unclear.
The purpose of this study is to investigate the possible mechanisms of TA on the regulation of preadipocyte
differentiation and/or on the lipid accumulation using the adipogenic cell line 3T3-L1.

MATERIALS AND METHODS

Reagents

TA (C76Hs,046, 98% HPLC), ethylenediaminetetraacetic acid (EDTA), dithiothreitol (DTT), insulin, dimethyl
sulfoxide (DMSO), dexamethasone, IBMX and Oil red O were purchased from Sigma-Aldrich (St. Louis, MO,
USA). Fetal bovine serum (FBS) was purchased from local Sijiging biological engineering material company
(Beijing, China). Dulbecco’s modified Eagle’s medium (DMEM) was a product of Nissui Seiyaku, Tokyo,
Japan. Cell Counting Kit (CCK-8) was a product of Dojindo Laboratories, Kumamoto, Japan. The PCR
primers for human B-actin, PPARYy, FAS, C/EBPa, adipsin, ap2, ACC1 and ACC2 were synthesized by SBS
Genetech Co. Ltd (Beijing, China). AMV and Oligo (dT) were purchased from Promega Corporation (Beijing,
China). Other reagents were of analytical grade.

Cell line and cultures

Mouse 3T3-L1 preadipocytes were purchased from the Type Culture Collection of the Chinese Academy of
Sciences, Shanghai, China. Cells were cultured in low-gucose DMEM containing 10% FBS at 37 °C in a
humidified atmosphere containing 5% CO,. Medium was renewed every 2 days. When differentiated, 3T3-L1
preadipocytes were seeded in 6-well plate and grown for 2—4 days for differentiation. Two days after reaching

confluence, the medium was changed by high-glucose DMEM containing 10% FBS supplemented with 0.5
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mM IBMX, 1 uM dexamethasone, and 1.7 pM insulin (d0). The cells were treated for 2 days (d2), and then
were cultured in high-glucose DMEM containing 10% FBS and 1.7 uM insulin for another 2 days. Thereafter
(d4), the cells were cultured in high-glucose DMEM containing 10% FBS up to day 8, and the medium was
renewed every 2 days. TA was conserved in DMSO before added into the culture medium.

CCK8 assay

3T3-L1 preadipocytes were seeded in a 96-well plate (5 x 10° cells/well) and then treated with TA in different
concentrations for 24 h. As for mature adipocytes, after 8 days of differentiation, adipocytes were seeded in a
96-well plate (5 % 10° cells/well) and then treated with TA in different concentrations for 24 h. Thereafter,
almost 1/10 CCK8 (1 ml CCK8 in 10 ml DMEM) was added into each well of a microtiter plate and
incubated for 2 h at 37 °C and then measured at 492 nm by a microplate spectrophotometer. Data were
obtained from the average of five experiment wells, and the assay was repeated three times.

Oil red O staining

Cells in 24-well plates were gently washed by phosphate buffer solution (PBS) for three times. 1 ml Oil red
O-isopropanol (six parts 0.6% Oil Red O dye in isopropanol and four parts water) was added into each well
and kept at room temperature for 15 min. Excess Oil red O was washed by water for three times, and then
photographed under the microscope. After that, each well was added 1 ml isopropanol for 15 min, and then
150 pl eluate was transferred to 96-well plates, and measured the optical density at 540 nm using a microplate
spectrophotometer (Multiskan, MK3).

Cell proliferation

Cell proliferation was determined by staining cells with propidium iodide (PI) labeling. Briefly, 1.5x10°
cells/ml were incubated without or with TA (2.5, 5 uM) for 24 h. Afterwards, the cells were washed twice

with ice-cold PBS, and then PI was applied to stain cells as the kit directions. The status of cell staining was
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analyzed by flow cytometer (Becton Dickinson).

CCK&8 was also used to determine cell proliferation. 3T3-L1 preadipocytes were treated with TA (1, 2, 3,4, 5

uM) for six days and cell viability was detected every day. Cell viability enhancement represents the increase

in the number of cells.

RNA preparation from 3T3-L1 cells and RT-PCR

Total RNA was isolated from 3T3-L1 adipocytes using RNAsimple Total RNA Kit (TianGen Biotech,

Beijing). 5 pl total RNA from each sample was reverse-transcribed to cDNA with a cDNA synthesis kit

(TianGen Biotech, Beijing). The gene expression levels of FAS and PPARy were analyzed by quantitative

real-time PCR (Mx 3000P, USA). The conditions for PCR were: initial denaturation at 95°C for 5 min and

followed by 45 cycles (95 °C, 15 s, 55 °C, 15 s, 72 °C, 20 s). The primer sequences were shown in Table 1.

Western blotting

Cells were washed three times with ice-cold PBS and harvested in RIPA lysis buffer with 1 mM PMSF, and

then lysed for 5 min on ice. The homogenate was centrifuged at 12,000 rpm for 10 min at 4°C and supernatant

was collected for FAS analysis. Equal protein extracts were separated using SDS-PAGE. Proteins were

electrophoretically transferred to PVDF membranes. Incubation with primary and secondary antibodies was

performed in Tris-buffered saline containing 5% non-fat dry milk for 2 h or more. After incubation, the

membranes were washed in Tris-buffered saline containing 0.1% Tween 20. ECL Western Blotting Detection

System was used for detection. The relative expression of proteins was quantified densitometrically with the

software ImagelJ and calculated according to the reference bands of p-actin or GAPDH.

Statistics

Data were expressed as mean + standard deviation (SD). The unpaired Student’s t test was used to compare

the means of two groups. The statistical differences among three or more groups were determined by one-way

Page 6 of 24



Page 7 of 24

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

Food & Function

ANOVA with Tukey’s post-test. The gel images were analyzed with the software Quantity One. p values of

0.05 or less were considered to be statistically significant.

RESULTS

TA inhibited the cell viability of preadipocytes, but not mature adipocytes.

In order to elucidate the effect of TA on the viability of 3T3-L1 cells, both undifferentiated preadipocytes and

differentiated mature adipocytes were assayed. The results showed that when treating with TA at the

concentrations of 3 uM or more, the viability of preadipocytes reduced significantly. However, TA did not

affect the viability of adipocytes. As shown in figure 1, the viability of fully differentiated adipocytes did not

reduce even when treated with 25 uM TA.

(Figure 1)

TA inhibited cell proliferation of preadipocytes dose-dependently.

For the cell cycle progression, PI staining was used and flow cytometry analysis revealed that TA

administration resulted in a significant reduction in the cell population in S phase (from 25.1 to 18.8%) and

G2/M phase (from 26.8 to 17.6%) with a concomitant increase in the cell population in GO/G1 phase (from

48.1 to 63.7%) at 48 h after induction (Figure 2A). These data suggested that TA inhibited the proliferation of

preadipocytes through inducing G0/G1 arrest.

CCK8 assay was used to detect cell proliferation case between untreated and TA treated 3T3-L1 preadipocytes.

Relative growth rate of the cells treated with different concentrations (0, 1, 2, 3, 4, 5 uM) of TA was recorded

in six consecutive days. The results showed that TA inhibited the proliferation of preadipocytes dose- and

time-dependently, as Figure 2B shown.

(Figure 2)

TA inhibited the lipid accumulation of preadipocytes mainly in the early stage of differentiation.
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In our previous study, we have reported that TA could suppress lipid accumulation in 3T3-L1 adipocytes.'® To
further understand the role of TA on the process of adipocyte differentiation, we added 5 uM TA in different
stages of adipocyte differentiation, and stained cells with Oil red O after 8 days, then the stained lipids were
extracted with isopropanol to record the relative number of lipid droplets quantitatively, as shown in Figure 3.
Result showed that TA had the most significant inhibitory effect on the accumulation of lipid droplets when
added in the early stage of differentiation (primary 2 days).

(Figure 3)

TA down-regulated the mRNA levels of FAS, C/EBPa, and PPARY.

In the initial stage of cell differentiation, many genes associated with lipid synthesis were generated and began
to play its biological role in lipid synthesis. To further study which gene TA had an impact on in the early
stage of differentiation, we identified a number of genes associated with lipid metabolism. The results showed
that compared to control group, the mRNA levels of FAS, C/EBPa, and PPARy were significantly decreased
(p<0.05), while the mRNA levels of adipsin, ap2 were increased (p<0.05). However, TA had no effect on
mRNA levels of ACC1 and ACC2 (Figure 4).

(Figure 4)

As we know, PPARYy gene started to transcript and translate in the primary 2 days of differentiation. In order
to prove whether the reduction of lipid accumulation caused by TA was related to PPARy pathway, we
detected the expression of PPARy by western blot. As shown in Figure 5A, TA administration in the early
stage of differentiation significantly down-regulated PPARY expression compared to control group. Similar to
the results of lipid accumulation, PPARy expression was not changed when treating with TA in middle and
late stage of differentiation.

TA did not affect PI3K/AKT pathway in 3T3-L1 preadipocytes.
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PI3K/AKT pathway mediates PPARy and C/EBPa gene expression in adipocyte differentiation. In order to
determine whether TA affected the PI3K/AKT pathway, we detected p-AKT, p-ERK1/2 as well as total AKT
and ERK1/2 expression by western blot. As shown in Figure 5B, both of the two proteins were not influenced.
(Figure 5)

DISCUSSION

The development of obesity is characterized by increased number and size of adipocytes,”> which are
regulated by genetic, metabolic and nutritional factors.”> ** Therefore, deciphering the mechanism of how
certain nutrients affect adipocyte differentiation and adipogenesis is important for the prevention of obesity
and related diseases. Polyphenols, abundant in functional foods (i.e. tea, vegetables and fruits), have recently
attracted public attention due to their beneficial health effects.”2® TA is a natural polyphenol existed in tea,
coffee, immature fruits, etc. and has also been used as a food additive. In our previous study, TA was found to
inhibit adipogenesis by down regulating the gene expression of PPARy and FAS.*' In the present study, the
detailed mechanism of TA on adipocyte differentiation was investigated.

FAS is a key enzyme in de novo fatty acid synthesis in vivo primarily in the fat cells. During preadipocytes
differentiation period, the expression level and relative activity of FAS were both increased continuously.
However, in the early stage of differentiation, FAS expression level is relatively low.”’ Our previous study
showed that TA could inhibit FAS activity and reduce lipid accumulation of preadipocytes. However, in this
present study, we found that TA exhibited strong activity of reducing lipid accumulation mainly in the early
stage of differentiation. Therefore, the inhibitor effect of TA on FAS may be not the main reason of its
anti-adipogenesis activity.

PPARs are ligand-activated transcription factors which regulate genes transcription in cell differentiation and

lipid homeostasis.””** PPARs are a family including isoform of PPARa, PPARB, PPARy, PPARS, in which
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PPARy mainly contributes to energy storage by enhancing adipogenesis.”> PPARYy is regarded as the main
regulator of adipogenesis because no other factor was found to rescue adipocyte formation when PPARYy is
knockout.*® PPARYy rapidly increases in expression during early adipogenesis,”’’ when is the day 0-day 2
during the 3T3-L1 cells differentiation. Semenkovitch and colleagues have proven that FAS promotes PPARy
activation and adipogenesis which is demonstrated by FAS knockout experiments which shows FAS is
necessary to generate endogenous ligands for PPARy.40 In this study, we found that TA down-regulated
PPARY expression significantly. This result indicated that the anti-adipogenesis effect of TA may be related to
PPARy.

Adipsin, also known as complement factor D, is the first adipocytokine described.*' As a fat cell derived
protein associated with lipid metabolism, adipsin mRNA levels in obese rats were lower than those of lean
rats.*”? It has been previously established that there was a negative correlation between the mRNA levels of
adipsin and FAS. In the present study, consistent with previous study, we found that TA down-regulated
mRNA levels of FAS but up-regulated mRNA levels of adipsin. As a key regulator of adipogenesis, ap2
facilitates intracellular mobilization of free fatty acids.*’ It was reported that disruption of ap2 gene impaired
fat cell lipolysis and increased cellular fatty acid levels.”® The results of this study indicated that, after treated
with TA, the expression levels of PPARy, FAS and ap2 genes were not positively correlated. The detailed
mechanism involved was still unknown, however, these genes were regulated toward the same direction of
decreasing intracellular fatty acids.

PI3K/AKT pathway is up-stream of adipocyte differentiation pathways including PPARy pathway. TA and
other tannins were proven many biological functions, including anti-oxidation, antibacterial and
anti-inflammation mainly through PI3K/AKT pathway. Thus, in this study, to verify whether the lipid

reduction effect of TA was related to PI3K/AKT pathway, we measured the expression of p-AKT and
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p-ERK1/2 in TA treated 3T3-L1 preadipocytes. Results showed that TA administration did not affect
PI3K/AKT pathway in 3T3-L1 preadipocytes.

As a main active compound of pomegranate, TA was reported to have the activities of reducing body-weight
and food intake.** ** However, the detailed mechanisms involved have not been fully clarified. From the
results above, we proposed that a possible way was that TA down regulated the expression of PPARy, FAS
and C/EBPa in the early stage of preadipocyte differentiation. Subsequently, the newly synthesized fatty acids,
which were main component of lipid droplets, were reduced significantly.

Preliminary experiments in our laboratory have found evidence that the inhibitory effect of TA on 3T3-L1
preadipocytes did not relate to non-specific sedimentation, while low concentration of TA (up to 36.7 uM) did
not cause the protein sedimentation.”’ In the present research, the highest concentration of TA used was much
lower than that could induce protein sedimentation, which demonstrated that the inhibitory activity of TA on
adipocytes did not due to protein non-specific sedimentation.

Some potential limitations of this study should be considered. All the results in this study were based on cell
experiments. Indeed, in regard to aiming to target intracellular genes for therapeutic applications, an important
issue is the bioavailability of TA. However, although studies have revealed the bioactivities of TA in human
and rats, the human bioavailability of TA is not clear.*® Bravo et al reported that rats were given diets
containing 20 g TA per Kg chow during a three week experimental period, only 4.6% of TA was found in the
faeces.*’ That is, the apparent digestibility of TA was 95.4%. So the bioavailability of TA is relative low. In the
present study, the concentration of TA was 5 uM, so it was concerned about whether orally intake of TA could
reach to the effective concentrations. This important point needs to be clarified in vivo. To this aim, it may be
useful the study of the effect of TA on obese mouse or rat models.

In conclusion, TA could inhibit the differentiation and lipid accumulation of 3T3-L1 preadipocytes when treat

11
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in the early stage of differentiation. TA down regulated the mRNA levels of three important markers (PPARY,

FAS and C/EBPa) that were induced when the cells have just starting to differentiate. In contrast, TA

administration in the middle and/or the late stage of differentiation program had a much weaker inhibitory

effect on lipid accumulation. Therefore, the results of this study suggest that the down-regulation of PPARy be

major roles on its anti-adipogenesis effect of TA.
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Figure captions

Figure 1. Inhibitory effect of TA on the viability of 3T3-L1 preadipocytes and mature adipocytes.

A 3T3-L1 preadipocytes were treated with TA (0-7 uM) for 24 h. B Mature 3T3-L1 adipocytes were treated

with TA (0-25 uM) for 24 h. Cell viabilities were determined by the CCK-8 assay as described in “Materials

and Methods”. The percentage of cell viability was calculated as the ratio of TA treated cells to control cells.

Data represented the mean +SD of three independent experiments. *p<0.05 compared to control (0 pM);

**p<0.01 compared to control (0 pM).

Figure 2. Effects of TA on proliferation of 3T3-L1 preadipocytes.

A Cells were treated with TA (0, 2.5, 5 uM) for 24 h, and then Flow Cytometry was used to determine cell

proliferation with a DNA-PI staining kit.

B Growth curves of 3T3-L1 preadipocytes treated with TA (0, 1, 2, 3, 4, 5 uM) for six days.

Cell viability was determined every day by CCKS assay as described in “Materials and methods”. The values

were from three times and triplicate tests.

Figure 3. TA exhibited different effect on 3T3-L1 adipocytes at different stages of cellular maturation.

A Cell culture was performed as described in the “Materials and methods”. Photos of differentiated cells were

taken at day 8 after Oil red O staining.

B Quantitative analysis of lipid accumulation. After Oil red O staining, lipid and Oil red O were dissolved in

isopropanol and absorbance was measured at the wavelength of 492 nm. Control means no TA treatment; d0

means treatment with TA during the first two days of cell differentiation, and d02 means treatment with TA

during the first 4 days of cell differentiation and so forth. The concentrations of TA were 5 uM.

Figure 4. Changes in lipid metabolism-related genes after TA treatment

A-G Expression of PPARy, FAS, C/EBPa, adipsin, ap2, ACC1 and ACC2 in TA treated cells. Cells were
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incubated with 5 uM TA for 48 h (the first two days during cell differentiation) and the mRNA expression of

lipid metabolism-related genes were detected by RT-PCR.

Figure 5. Effect of TA on the expression of PPARYy, p-AKT, and p-ERK1/2 in 3T3-L1 adipocytes at different

stages of cellular maturation.

Cells were incubated with 5 uM TA during different stage (d0, d2, d4, d6) or full stage (d0246) for 8 days.

Then the levels of PPARYy, AKT, ERK1/2, p-AKT, p-ERK1/2 were detected by Western blot.
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Table 1. Primers used for RT-PCR
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Sequences (forward/reverse)

Gene
B-actin GTGGGCCGCTCTAGGCACCAA
CTCTTTGATGTCACGACGATTTC
FAS TTCGTACCTCCTTGGCAAAC
GGCTGCAGTGAATGAATTTG
C/EBPa GCCGAGATAAAGCCAAACAA
CCTTGACCAAGGAGCTCTCA
PPARy GCATGGTGCCTTCGCTGA
TGGCATCTCTGTGTCAACCATG
ap2 ACACCGAGATTTCCTTCAAACTG
CCATCTAGGGTTATGATGCTCTTC
ACCl1 GCTGTTCCTCAGGCTCACAT
ACACCATGTTGGGAGTTGTG
ACC2 CGTGTCGATATCGTTGTTCTG
CATGGTAGTGGCTTTGAAGGA
Adipsin CATGCTCGGCCCTACATGG
CACAGAGTCGTCATCCGTCAC

409
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Tannic acid

Tannic acid inhibits lipid accumulation in the early stage of 3T3-L1 preadipocytes differentiation by down-
regulating PPARy.
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