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Abstract: Aims: Our study aims to clarify the function of KLF15 (kidney-enriched Krüppel-like factor) in the lipid 
deposition process in pigs. Methods: This study selected the subcutaneous fat of Junmu No. 1 white swine piglets 
with an age of 7 days for in vitro culture, induction of differentiation, and identification experiments. The mRNA 
expression levels of the adipogenesis marker genes PPARγ, C/EBPα, AP2 and KLF15 were detected through fluo-
rescence quantitative PCR. Cells were treated with KLF15-siRNA and subjected to induction of differentiation. The 
changes in oil droplets were observed using oil red O staining. The changes in the mRNA levels of the preadipocyte 
differentiation genes PPARγ, C/EBPα, and AP2 and the KLF15-related genes p300, FSTL1, FASN, SCD and FATP1 
were detected using fluorescence quantitative PCR. Next, the serum levels of KLF15, blood glucose, cholesterol, 
and triglycerides in lean-type (Junmu No. 1 white swine) and fat-type (Songliao black swine) pigs at different months 
of age were measured using ELISA and oxidase methods. In addition, methods for prediction of the lipid deposition 
ability in pigs were explored. Results: The mRNA expression levels of the KLF15 gene changed over time during the 
differentiation process of porcine adipocytes. The mRNA expression level was highest at 24 h of differentiation. After 
the mRNA expression level of KLF15 was inhibited, the level of triglycerides significantly decreased (P < 0.05); lipid 
droplets significantly decreased in number and became smaller; and the expression levels of PPARγ, C/EBPα, AP2, 
p300, and FATP1 significantly decreased (P < 0.01). The correlation coefficients between KLF15 and blood glucose, 
cholesterol, and triglyceride levels were 0.8010, 0.0263, and 0.6299, respectively. The serum levels of KLF15 
showed a very strong positive correlation with blood glucose levels in pigs and exhibited an even stronger positive 
correlation with triglycerides. Conclusions: KLF15 can regulate blood glucose levels, participate in the regulation of 
preadipocyte differentiation, and affect triglyceride synthesis in adipocytes as well as lipid deposition. During the 
actual production process, the blood glucose levels detected in serum could be employed to indirectly estimate the 
levels of KLF15 and predict the lipid deposition ability in pigs.
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Introduction

Pigs are in the highest degree of obesity and 
have the most rapid animal fat deposition 
among meat animals and have physical and 
anatomical structures similar to humans. Thus 
the pigs can be used as animal models to study 
body fat deposition, human obesity and other 
related diseases. Fat can provide energy for the 
organism. Moreover, it is a vital organ of the 

organism secreting hormones and being in- 
volved in vital movements including diabetes, 
bone metabolism, cardiovascular disease, can-
cer, sexual maturation, immune deficiency, syn-
thesis of steroid and renal function [1-4]. The 
contents of blood glucose, blood lipids and  
cholesterol in blood are important measure 
indexes for detecting obesity and predicting  
the related diseases. Through the monitoring  
of blood glucose, blood lipids, and cholesterol, 
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lipid levels can be reflected or predicted to 
some extent. 

The level of lipids in tissues depends on the 
number of fat cells in the body and their lipid 
synthesis and storage ability. Adipocytes origi-
nate from mesodermal stem cells at the gas-
trula stage and sequentially develop into plu-
ripotent stem cells, lipoblasts, preadipocytes, 
immature adipocytes, and mature adipocytes. 
The formation and differentiation of lipids can 
be mediated by endogenous genetic mecha-
nisms and exogenous factors. It has been con-
firmed that some hormones or growth factors 
regulate the differentiation of preadipocytes. 
As an internal set point in adipocytes, PPARγ 
(peroxisome proliferator-activated receptors γ) 
is required for lipid formation and differentia-
tion [5]. The C/EBPα (CCAAT enhancer binding 
protein α) and PPARγ genes synergistically acti-
vate genes associated with adipogenesis, and 
the gene expression promoted by these two 
factors shows some overlap [6]. AP2 (adipocyte 
fatty acid binding protein) is also a key lipid fac-
tor and exhibits an important function in the 
regulation of adipogenesis [7]. 

KLF15 was first isolated and cloned from a 
human kidney cDNA library using a yeast  
one-hybrid system [8]. KLF15 expression le- 
vels are highest in the liver and kidneys. KLF15 
is also expressed in white adipose tissue, 
brown adipose tissue, the heart, and skeletal 
muscles [9]. Studies have shown that KLF15 
may be closely associated with gluconeogene-
sis. In actual applications, KLF15 levels can  
be detected based on blood glucose levels  
to further explore lipid deposition conditions. 
Through studying the effects of KLF15 on  
adipocyte differentiation, its function in intra-
muscular fat, and its regulatory influence on 
lipid deposition, the quality of pork can be 
improved. Therefore, the examination of KLF15 
provides a theoretical basis for the improve-
ment of pork quality at the gene level. 

Materials and methods

Ethics statement

The animal slaughter experiments were con-
ducted in accordance with the guidelines of 
Jilin University on the Review of Welfare and 
Ethics of Laboratory Animals approved by the 
Jilin Province Administration Office of Labo- 
ratory Animals. All animal procedures were ap- 

proved by Institutional Animal Care and Use 
Committee (IACUC) of Jilin University (Permit 
Number: 20151228). All efforts were made to 
minimize suffering.

Experimental animals

Three healthy Junmu No. 1 white swine piglets 
with an age of 7 days and 3 healthy Junmu No. 
1 white swine pigs with an age of 3 months as 
well as 3 with an age of 6 months were provid-
ed by the pig breeding farm of the agricultural 
experimental base of the Heping Campus of 
Jilin University. Additionally, 3 healthy Songliao 
black swine pigs with an age of 3 months and 3 
with an age of 6 months were provided by the 
pig farm of the Animal Husbandry Branch of 
Jilin Academy of Agricultural Sciences. 

Isolation and culture of porcine preadipocytes 
and induction of differentiation 

Subcutaneous fat from the back of the neck  
of piglets with an age of 7 days was collect- 
ed under sterile conditions, placed in PBS con-
taining 6% double antibiotics and washed 
repeatedly to remove debris. Fat tissues were 
cut into pieces with a size of approximately 1 
mm3 using ophthalmic scissors and transferred 
to a 50-ml centrifuge tube. DMEM/F12 (Gibco, 
Beijing, China) containing 0.2% collagenase I 
was then added, followed by digestion for 1.5 h 
in a 37°C water bath. The digestion was termi-
nated by adding complete medium. The diges-
tion solution was subsequently passed through 
80-mesh and 200-mesh cell sieves, and the 
filtrate solution was collected and centrifuged 
at 1500 r/min for 10 min. The precipitate was 
collected and aspirated using 1 ml of com- 
plete medium. The suspension was injected 
into a 25 cm2 cell culture flask, and 5 ml of com-
plete culture was added. The cells were then 
cultured in a 5% CO2 incubator at 37°C. The cul-
ture medium was replaced every 2 days. When 
the cells had grown to 90% confluence, subcul-
turing was conducted. The culture medium was 
discarded, and culture medium containing 10 
μg/ml insulin, 1 μmol/l dexamethasone, 0.5 
mmol/l IBMX, and 0.1 μmol/l troglitazone was 
added. After 2 d, the culture medium was 
replaced with culture medium containing 10 
μg/ml insulin and 1 μmol/l dexamethasone. 
The culture medium was replaced every 2 days. 
The pattern of changes of lipid droplets in the 
cells was observed.
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Observations of morphology after differentia-
tion of adipocytes 

After the induction of differentiation for 96 h, 
cells were washed with double antibiotic-free 
PBS 3 times and then fixed in 10% paraformal-
dehyde for 30 min and stained with oil red O for 
15 min. The cells were subsequently washed 
with double antibiotic-free PBS again and coun-
terstained with hematoxylin. The staining solu-
tion was finally discarded, and the staining con-
ditions of the lipid droplets were observed and 
photographed under a microscope. 

RT-PCR

After transfection, the cells were digested using 
0.2% trypsin, and total RNA was extracted from 
the transfected cells using TRIzol (Invitrogen, 
Beijing, China). Total RNA was reverse tran-
scribed into cDNA using a reverse transcription 
reagent kit (TaKaRa, Dalian, China), and the 
cDNA was used as a template for RT-PCR exper-
iments. Real-time PCR was performed using 
SYBR Premix Ex Taq II (TaKaRa, Dalian, China) 
in a Mastercycler®ep realplex (Jilin University, 
Jilin, China) machine. The 20 μl reaction system 
included 10 μl of SYBR Premix Ex TaqII (2×), 2 μl 
of cDNA, 0.5 μl each of the upstream and down-
stream primers, and 7 μl of deionized water. 
The RT-PCR conditions were as follows: 95°C 
for 2 min, followed by 40 cycles of 95°C for 15 
sec, 60°C for 20 sec, and 72°C for 1 min. The 
relative quantitative method (2-ΔΔCt method) 
was used to analyze the mRNA expression lev-
els of the KLF15 gene and the PPARγ, C/EBPα, 
and AP2 mRNA marker genes. Each experiment 
was repeated 3 times. 

Transfection of porcine preadipocytes

Porcine preadipocytes at 1×105~106/mL were 
inoculated into 12-well culture plates. When 
cell confluence reached 60%, the complete 
medium was removed, and the cells were 
washed with double antibiotic-free PBS. Each 
well was filled with 900 μl of Opti-MEM culture 
medium (Gibco, Beijing, China) or basal culture 
medium. The culture plate was then returned to 
the incubator. Next, 2 μl of LipofectaminTM 
2000 (Invitrogen, Beijing, China) and 2 μl of 
KLF15-siRNA were added to 50 μl of Opti-MEM. 
The above two tubes of culture medium were 
left to stand for 5 min, then mixed together and 
incubated at room temperature for 20 min. The 

mixture was evenly applied to the wells contain-
ing cells. After 6 h, the medium in the culture 
plate was discarded, and complete culture 
medium was added. After 48 h, subsequent 
experiments were performed. 

Observation of morphology and detection of 
biochemical indicators after adipogenesis

The cells in the transfected group and the neg-
ative control group were induced to undergo 
differentiation for 96 h and stained with oil red 
O. The cells in the 12-well plate were dissociat-
ed, harvested, and centrifuged at 1000 rpm/
min for 5 min. Then, 100 μl of lysis buffer was 
added to the precipitate, and the mixture was 
left to stand for 10 min at room temperature. 
The supernatant was heated on a hotplate at 
70°C for 10 min. After centrifugation at 2000 
rpm/min for 5 min, the supernatant was aspi-
rated. The working solution was prepared, and 
samples were diluted. Aliquots of 10 μl of each 
concentration of the standards, or distilled 
water, or the samples were separately mixed 
with 190 μl of working solution. The mixtures 
were then added to 96-well plates, and the 
reaction was carried out at 37°C for 10 min. 
After the reaction was equilibrated, it remained 
stable for 60 min. Finally, the optic density of 
each well was measured using a plate reader, 
and a TA standard curve was plotted and the 
concentration of triglyceride was calculated.

Detection of changes in the expression of 
marker genes and related genes using RT-PCR

After the adipocytes in the KLF15-siRNA-
transfected group and the negative control 
group were induced to undergo differentiation 
for 96 h, the expression of the adipocyte dif-
ferentiation genes PPARγ, C/EBPα, AP2, p300, 
FSTL1 (follistatin-like 1), FASN (Fatty acid syn-
thase), SCD (stearoyl-CoA desaturase), and 
FATP1 (fatty acid transport protein 1) was de- 
tected via the fluorescence quantitative PCR 
method described in section 1.2.3. Each exper-
iment was repeated 3 times. 

Effects of KLF15 on serum levels of blood glu-
cose, cholesterol and triglycerides

A total of 12 Junmu No. 1 white swine and 
Songliao black swine healthy pigs with ages of 
3 and 6 months (3 from each variety at each 
age) were randomly selected. A 10-ml sample 
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of anterior vena cava blood was collected from 
each pig, which was left to stand for 1 h and 
then centrifuged at 3000 rpm/min for 10 min. 
The serum samples were separated, num-
bered, and placed at -80°C for storage and 
subsequent detection. Detection of serum lev-
els of KLF15 was performed using the por- 
cine KLF15 ELISA reagent kit (TSZ, Waltham, 
America). Serum levels of blood glucose, triglyc-
eride, and cholesterol were determined by the 
Animal Hospital of Jilin University. 

Western blot analysis 

Total proteins from cells were extracted in a cell 
lysis buffer for Western and immunol precipita-
tion (Beyotime, China). The resultant cell sus-
pension was centrifuged at 15 000 rpm for 10 
min. The protein of supernatant was quantified 
using the Bradford buffer (Sangon biotech, 
Shanghai, China). The homogenized samples 
(30 μg crude proteins per lane) were subjected 
to electrophoresis on 10% (w/v) poly-acryl-
amide-sodium dodecyl sulfate (SDS) gels under 
standard reducing conditions with protein 
marked (TianGen MP204, China), then trans-
ferred to polyvinylidene difluoride membranes 
(Millipore, USA) at 200 mA for 2 h. The blocking 
experiment was conducted with 5% (w/v) BSA 
in blocking buffer for 2 h at room temperature. 
Immunoblotting was carried out by incubating 
the membranes overnight at 4°C with PPARγ , 
C/EBPα (Santa Cruz Biotechnology Inc., USA) 
goat polyclonal IgG (1:1000 dilution) or GAPDH 
(Boster, China; 1:500 dilution) mouse monoclo-
nal IgG (1:2000 dilution). The membranes were 
washed three times with 1% (v/v) Tween-20 in 
PBS, then hybridized with rabbit anti-goat IgG-
HRP (Santa Cruz Biotechnology Inc., USA, 
1:2000 dilution) or goat anti-mouse IgG-HRP 
(Santa Cruz Biotechnology Inc., USA, 1:2000 
dilution) for 1 h at room temperature, then 
washed with 1% (v/v) Tween-20 in PBS for three 
times. The signals were detected as chemical 
luminescene by Tanon 5200 (Tanon Science 
and Technology Co.,Ltd., China).

Statistical analysis

The experimental data are presented as the 
mean ± SD. Analysis of variance and signifi-
cance tests were performed using one-way 
ANOVA in SPSS 20.0 statistical software. The 
differences between different treatments were 
examined using LSD.

Results

Isolation, culture, and induction of the differ-
entiation of porcine preadipocytes and mRNA 
expression levels of marker genes and KLF15

After porcine preadipocytes were cultured for 
48 h, the cells showed irregular triangular and 
long, thin spindle shapes (Figure 1A). The oil 
red O staining results revealed the generation 
of large amounts of small lipid droplets after 
differentiation had been induced for 96 h 
(Figure 1B). After 144 h, the small lipid droplets 
gradually grew into large lipid droplets (Figure 
1C). Porcine preadipocytes that were not sub-
jected to the differentiation induction treat-
ment were used as the control group, and the 
mRNA expression levels of genes determined 
in different growth stages were set as 1. After 
the differentiation induction of porcine preadi-
pocytes, the mRNA expression levels of the 
adipogenesis-associated AP2, C/EBPα, and 
PPARγ genes changed with the progression of 
the differentiation time, and the expression lev-
els were highest after 96 h of differentiation 
induction (Figure 1D-F). The mRNA expression 
levels of the KLF15 gene changed with the pro-
gression of the differentiation induction time, 
and the expression level was highest at 24 h 
(Figure 1G). 

Changes in the mRNA and protein expression 
levels of adipogenesis-associated transcription 
factors after transfection

KLF15-siRNA was transfected into porcine pre-
adipocytes. After 48 h of transfection, the 
mRNA expression level of the KLF15 gene was 
detected using fluorescence quantitative PCR. 
The results showed that compared with the 
control group, the mRNA expression level of the 
KLF15 gene was decreased very significantly (P 
< 0.01) (Figure 2A). After 48 h of transfection, 
the expression levels of the differentiation-
associated transcription factors p300 and 
FATP1 in the KLF15-transfected group were 
decreased very significantly (P < 0.01), where-
as the expression levels of FSTL1, FASN, and 
SCD did not exhibit significant changes (Figure 
2B). These experimental results indicated that 
KLF15 can regulate p300 and FATP1 in porcine 
preadipocytes. 

After adipogenesis had been induced for 48  
h, the expression levels of the differentiation-
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associated transcription factors PPARγ and C/
EBPα had decreased very significantly (P < 
0.01), and the expression level of AP2 was sig-
nificantly decreased (P < 0.05) in the KLF15-
transfected group (Figure 2C). Compared with 
the negative control group, after KLF15 gene 
silencing, the protein expression levels of the 
PPARγ, C/EBPα were decreased (Figure 2D).

Effects of KLF15-siRNA on the differentiation 
of porcine preadipocytes

Before transfection, preadipocytes were in- 
duced to undergo differentiation for 96 h, and 
the oil red O staining results revealed more  
lipid droplets in the cells in the negative con- 
trol group (Figure 3A), while the number of lipid 

Figure 1. Isolation, culture, and differentiation induction of porcine preadipocytes in vitro and changes in the mRNA 
expression of genes. A: Morphology of cultured porcine preadipocytes at 48 h (40×). B: Morphological changes in 
porcine preadipocytes and the state of lipid droplet formation after 96 h of differentiation induction (oil red O stain 
400×). C: Morphological changes of porcine preadipocytes and the state of lipid droplet formation after 144 h of 
differentiation induction (oil red O stain 400×). D: Changes in the mRNA expression level of the AP2 gene with time 
during the process of adipogenesis. E: Changes in the mRNA expression level of the C/EBPα gene with time during 
the process of adipogenesis. F: Changes in the mRNA expression level of the PPARγ gene with time during the pro-
cess of adipogenesis (un-induced preadipocytes were used as the control group; the β-actin gene was used as the 
internal control; data are presented as the mean ± SD; and experiments were repeated 3 times). The expression lev-
els of these 3 genes reached the highest level at 96 h. The differences between mean values labeled with different 
letters were significant (P < 0.05). The differences between mean values labeled with the same letters were not sig-
nificant (P > 0.05). G: Changes in the mRNA expression level of the KLF15 gene during the process of adipogenesis 
(un-induced preadipocytes were used as the control group; the β-actin gene was used as the internal control; the 
data are presented as the mean ± SD; and the experiments were repeated 3 times). The mRNA expression level of 
the KLF15 gene changed over time. The mRNA expression level was highest after 24 h of differentiation induction.
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droplets observed in adipocytes in the trans-
fected group significantly decreased (Figure 
3B). The determination of triglycerides concen-
trations showed that the level of triglycerides in 
the negative control group was significantly 
higher than in the transfected group (P < 0.05) 
(Figure 3C). These results indicated that KLF15 
transfection inhibited the differentiation of por-
cine preadipocytes into adipocytes. 

Effects of KLF15 on serum blood glucose, cho-
lesterol, and triglycerides concentrations and 
prediction of lipid deposition ability based on 
the KLF15 concentration

The results of analysis using SPSS software are 
shown in Table 1. Blood glucose showed very 
significant differences between different variet-
ies of pigs and between different months of age 

Figure 2. Effects of KLF15 gene transfection and its influence on the mRNA expression levels of C/EBPα, PPARγ, 
AP2 and related genes. A: Effect of KLF15 gene transfection. Analysis of the significance of differences was per-
formed for the negative control group and the KLF15-siRNA-transfected group after 48 h of transfection. The differ-
ence between the negative control group and the KLF15-siRNA-transfected group was very significant (P < 0.01). 
The data are presented as the mean ± SD. Different capital letters indicated very significant (P < 0.01, n=3). B: Ef-
fects of KLF15 gene transfection on the mRNA expression levels of the FSTL1, FASN, p300, SCD, and FATP1 genes. 
Compared with the negative control group, after silencing the KLF15 gene, the mRNA expression levels of the p300 
and FATP1 genes were significantly decreased. The data are presented as the mean ± SD. The same letter above a 
bar indicates that the difference was not significant (P > 0.05, n=3), while different lowercase letters indicate that 
the difference was significant (P < 0.05, n=3), and different capital letters indicate that the difference was very 
significant (P < 0.01, n=3). C: Effects of KLF15 gene transfection on the mRNA expression levels of the PPARγ, AP2, 
and C/EBPα genes. Compared with the negative control group, after KLF15 gene silencing, the mRNA expression 
levels of the C/EBPα, PPARγ, and AP2 genes were significantly decreased. The data are presented as the mean ± 
SD. Different lowercase letters indicate that the difference was significant (P < 0.05, n=3), while different capital 
letters indicate that the difference was very significant (P < 0.01, n=3). D: Effects of KLF15 gene transfection on the 
protein expression levels of the PPARγ and C/EBPα. The GAPDH gene was used as an internal reference; compared 
with the negative control group, after KLF15 gene silencing, the protein expression levels of the PPARγ, C/EBPα 
were decreased.
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within the same variety of pig (P < 0.01). The 
correlation coefficient between KLF and blood 
glucose was 0.8010, while that between KLF15 
and cholesterol was 0.0263 and that between 
KLF15 and triglycerides was 0.6299. Thus, 
KLF15 showed a very high correlation with 
blood glucose and a higher correlation with 
triglycerides.

Discussion

Small lipid droplets could be observed in pre-
adipocyte cultures after 72 h in this study. The 

small lipid droplets gradually fused and 
enlarged to form large, full droplets. After stain-
ing with oil red O, red lipid droplets could be 
observed under a microscope. Based on the 
morphology and quantity of lipid droplets, it 
was confirmed that the preadipocytes had dif-
ferentiated into mature adipocytes. Detection 
of the mRNA expression levels of 3 marker 
genes before and after induction using fluores-
cence quantitative PCR showed that expres-
sion levels of PPARγ, AP2, and C/EBP signifi-
cantly increased after the induction of porcine 

Figure 3. Effects of KLF15 on adipo-
genesis. A: Negative control group (96 
h, 400×). B: KLF15-siRNA-transfected 
group (96 h, 400×). After KLF15 gene 
transfection, the number of lipid drop-
lets in the transfected group was signifi-
cantly decreased compared with that in 
the negative control group. C: Determi-
nation of triglycerides concentrations 
showed that, compared with that in 
the negative control group, the level of 
triglycerides in the transfected group 
significantly decreased. The data are 
presented as the mean ± SD. Different 
lowercase letters indicated the differ-
ence was significant (P < 0.05, n=3).

Table 1. KLF15, blood glucose, cholesterol, and triglycerides concentrations in porcine serum

Varieties Months 
of age

KLF15  
(pg/ml)

Blood glucose 
(mmol/L)

Cholesterol 
(mmol/L)

Triglycerides 
(mmol/L)

Songliao black swine 3 455.90±49.93 5.03±0.44A 1.57±0.41 0.16±0.02
6 452.60±3.27 5.25±0.55B 1.15±0.25 0.33±0.19

Junmu No. 1 white swine 3 502.67±79.98 4.73±1.25C 2.10±0.18 0.44±0.19
6 404.29±2.61 3.45±0.15D 1.63±0.39 0.26±0.07

Note: The data are presented as the mean ± SD. Different capital letters indicate very significant differences (P < 0.01, n=3).
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preadipocytes; although the expression levels 
of the genes showed a decreasing trend in the 
late stage, they were still higher than those 
measured before induction. The expression lev-
els of PPARγ, AP2, and C/EBP were consistent 
with the results of Guo et al. [10] and Yeh et al. 
[11]. 

Krüppel-like factors are a group of zinc finger-
containing transcription factors. KLF15 is one 
of the members in this family [9]. Studies have 
shown that KLF15 is expressed in white adi-
pose tissue, brown adipose tissue and the car-
diomyocytes [12]. Verification of the changes of 
KLF15 expression levels in porcine preadipo-
cytes during differentiation showed that the 
expression level of KLF15 increased rapidly 
until reaching its maximum level (P < 0.01), 
after which it showed a decreasing trend but 
was still higher than that before induction. 
These results indicated that KLF15 was in- 
volved in the differentiation process of porcine 
preadipocytes. 

At 48 h after KLF15 gene knockdown was initi-
ated, the expression levels of the lipid regula-
tion-associated downstream genes p300 and 
FATP1 were significantly decreased (P < 0.01), 
whereas the expression levels of FSTL1, FASN, 
and SCD did not show significant changes. The 
FATPs (fatty acid transport proteins) are a group 
of transmembrane proteins with a complete 
structure. FATP1 was the first FATP family mem-
ber to be discovered. Its expression level is 
highest in lipid and liver tissues [13]. Schaffer 
et al. showed that overexpression of FATP1 in 
mammalian cells could promote a significant 
increase of fatty acid uptake levels in cells [14]. 
Hatch et al. reported that FATP1 could interact 
with triglycerides and directly synthesize fatty 
acyl-CoA, thus promoting lipid deposition in rel-
evant tissues. FATP1 is considered a key factor 
involved in the process of fatty acid transport 
and metabolism [15]. After KLF15 knockdown, 
FATP1 expression decreased, indicating that 
KLF15 could regulate fatty acid transport and 
metabolism through FATP1, thus regulating 
lipid deposition. These authors used a muscle 
tissue microarray to confirm that there was a 
conserved site for endogenous KLF15 close to 
the key promoter of FATP1 transcription and 
that the FATP1 promoter was directly regulated 
by the KLF15 gene. In situ hybridization results 
obtained in rats at lactation and weaning stag-

es showed that an increase in fatty acids could 
promote p300 gene expression in intestinal tis-
sues [16]. Zhao et al. demonstrated that acti-
vating transcription factor 5 (ATF5) could direct-
ly interact with C/EBPβ to bind to the C/EBPα 
promoter in 3T3-LI cells, thus resulting in 
p300-dependent acetylation to enhance the 
differentiation function of C/EBPβ and C/EBPα 
during transcription [17]. The most recent study 
results published by Japanese researchers 
showed that as the major gene involved in atax-
ia-telangiectasia, ATM interacts with p300 and 
C/EBPβ to participate in the regulation of gene 
transcription in adipogenesis, thus affecting 
the blood glucose balance. The results of this 
study indicated that KLF15 could regulate the 
blood glucose balance through the regulation 
of gene transcription during adipogenesis by 
p300.

Studies have shown that the proinflammatory 
factor follistatin-like 1 (FSTL1) participates in 
the development of obesity-associated chronic 
inflammation of fat and insulin resistance. 
However, the expression level of FSTL1 was not 
found to be affected by KLF15 in this study. The 
possible reason might be related to the differ-
ent cell lines and different culture conditions 
used in these studies. Yu et al. reported that 
SCD could promote polyunsaturated fatty acid 
deposition and reduce saturated fatty acid syn-
thesis. FASN is a fatty acid synthase that plays 
a role in the regulation of the fatty acid ratio in 
lipid deposition. Studies have demonstrated 
that PPARγ regulates fatty acid synthesis in adi-
pocytes through the regulation of SCD expres-
sion [18]. The expression level of the SCD pro-
tein in muscles shows a significant correlation 
with the total fatty acid level. In experiments 
performed on the livers of mice, Liu et al. [19] 
showed that the mice became thin, and SCD 
expression decreased in their mouse liver 
experiments. These results differ from the find-
ings of the present study. A possible reason for 
these differences is the different species of 
study subjects employed; in addition, continu-
ous application of stimulation by external fac-
tors might also result in differences.

Studies conducted using the 3T3-L1 cell line 
revealed that C/EBPα activates genes in adipo-
cytes to produce the differentiation phenotype. 
The other key factor, AP2, also plays an impor-
tant role in the process of adipogenesis and 
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exhibits a high expression level in the late stage 
of adipogenesis. These factors can both pro-
mote the differentiation of preadipocytes into 
mature adipocytes [20]. El-Jack et al. showed 
that PPARγ expression was initiated after induc-
tion during the process of adipogenesis [21]. 
Interference with PPARγ in 3T3-LI and human 
preadipocytes resulted in inhibition of differen-
tiation [22, 23]. Inhibition of KLF15 gene 
expression using RNAi interference or a domi-
nant-negative mutant resulted in both a de- 
crease of the PPARγ expression level and in- 
hibition of adipogenesis. In the present study, 
after KLF15 was knocked out and differentia-
tion was induced for 48 h, the expression levels 
of the marker genes PPARγ and C/EBPα were 
significantly down-regulated (P < 0.01), and the 
AP2 expression level was relatively reduced (P 
< 0.05). These results are consistent with the 
results of the aforementioned studies and con-
firmed that KLF15 knockdown could inhibit pre-
adipocyte differentiation. In addition, Rosen et 
al. showed that C/EBPβ and C/EBPδ activate 
the PPARγ gene in the early stage of differentia-
tion to induce adipogenesis [24, 25]. The re- 
sults of oil red O staining showed that, after 
KLF15 knockdown and induction of the differ-
entiation of porcine preadipocytes for 96 h, the 
lipid droplets observed in the negative control 
group were larger and greater in number, while 
there were significantly smaller and fewer lipid 
droplets in the KLF-15-siRNA group. The results 
of the detection of triglycerides levels showed 
that the triglycerides level in the negative con-
trol group was significantly higher than in the 
KLF15-siRNA group (P < 0.05). These results 
indicated that KLF15 knockdown could inhibit 
adipogenesis.

After KLF15 gene knockdown, mice were fast-
ed overnight, and the levels of amino acid-
degrading enzymes in the liver and skele- 
tal muscles of the mice decreased, as did ala-
nine aminotransferase activity and pyruvate 
levels, causing hypoglycemia in the mice. Met- 
formin is an effective hypoglycemic drug. Taka- 
shima et al. confirmed that metformin achieves 
its hypoglycemic purpose through degradation 
and downregulation of the expression levels  
of KLF15 mRNA [26]. Studies have shown that 
overexpression of KLF15 can effectively induce 
GLUT4 expression in adipocytes and myocytes. 
GLUT4 deficiency is prone to induce insulin 

resistance, which is an important cause of type 
II diabetes [9]. These results indicate that 
KLF15 plays an important role in gluconeogen-
esis and can regulate blood glucose levels.   

In this study, KLF15 and blood glucose exhibit-
ed a high correlation, which is consistent with 
the above conclusion. In addition, we found 
that KLF15 and triglycerides also presented a 
strong correlation. Relevant previous studies 
have confirmed that obesity is usually accom-
panied by complications such as high blood 
lipid and blood glucose levels, which further 
explains the potential interactive effects be- 
tween KLF15, blood glucose and triglycerides. 
Medical research has also shown that com-
pared with the population with a normal body 
weight, the rates of high blood lipid and blood 
glucose levels detected in the obese popula-
tion are significantly increased, thus explaining 
why blood glucose reflects lipid deposition lev-
els in the body to some extent and why the 
blood glucose level can affect lipid properties, 
affecting meat properties. Gene expression 
microarray results obtained in the 3T3-L1 cell 
line during the differentiation process of pre-
adipocytes showed that the KLF15 expression 
level significantly increased, while the adipo-
cyte differentiation ability decreased after the 
KLF15 gene was knocked out [27].  

In summary, the present study showed that 
after KLF15 knockdown, adipogenesis were 
decreased. In actual production, the serum lev-
els of blood glucose and triglycerides indicate 
KLF15 levels to some extent. Hence, KLF levels 
can be determined based on blood glucose lev-
els to investigate lipid deposition conditions.
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